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SUMMARY 


The  theory  of  the  shock  tube  is  developed  from  basic  consid- 
erations. Relations  and  comprehensive  graphs  are  presented  for  the  de- 
termination of  wave  speeds  and  the  physical  quantities,  of  the  uniform  states. 
The  effects  of  variable  specific  heat  on  the  rarefaction  wave  and  the  shock 
wave  are  also  considered. 

A discussion  is  given  of  normal  reflection  of  shock  and  rare- 
faction waves,  the  refraction  of  shock  and  rarefaction  waves  at  a contact 
surface,  the  requirements  for  the  production  of  strong  shock  waves  and 
some  essential  criteria  for  the  design  and  operation  of  shock  tubes. 

In  all  cases  the  theoretical  conside  rations  are  compared  with 
actual  one- dimensional  (x,  t)-plane  schlieren  photographs  of  real  flows  in  a 
3 inch  x 3 inch  wave  ‘ interaction  tube.  This  tube  has  been  designed  and  con- 
structed with  the  utmost  care,  in  order  to  obtain  a tube  alignment  and  uni- 
formity of  high  accuracy  as  appraised  by  present-day  machine  shop  standards. 
Despite  these  precautions,  it  has  been  found  that  the  shock  speed  attenuates, 
and  simultaneously  the  contact  surface  speed  increases,  with  increasing 
diaphragm  pressure  ratio  and  distance  from  the  diaphragm  station. 

It  is  shown  that  a train  of  transverse  shock  waves  accompanies 
the  primary  shock  wave  regardless  of  its  position  from  the  diaphragm  (0  to 
142  inches  or  0 to  50  tube  widths).  As  these  waves  criss-cross  the  tube, 
they  undergo  regular  and  Mach  reflection.  After  a long  time,  the  waves 
which  are  shed  far  behind  the  primary  shock  wave,  become  sound  waves. 
During  this  process  these  weak  shock  waves  act  as  a dissipative  mechanism 
and  contribute  to  the  total  shock  wave  attenuation.  The  transverse  waves 
also  alter  the  physical  properties  of  the  uniform  states  behind  the  primary 
shock  wave. 


An  empirical  relation  is  given  for  the  total  shock  wave  attenu- 
ation, for  this  tube  only,  as  a function  of  the  shock  wave  position  from  the 
diaphragm.  The  total  attenuation  in  shock  wave  velocity  consists  of  a for- 
mation decrement  plus  a distance  attenuation.  For  weak  or  strong  shock 
waves  there  exists  a formation  distance,  where  the  shock  wave  accelerates 
and  reaches  a uniform  optimum  speed.  For  weak  waves  the  optimum  speed 
is  the  one  predicted  theoretically.  (There  was  no  measurable  distance 
attenuation  over  the  142  inches  investigated  during  the  present  experiments. ) 
For  strong  shock  waves  the  optimum  speed  is  less  than  the  theoretical  value 
(the  formation  decrement)  and  beyond  the  formation  distance  the  shock  speed 
decreases  monoton icaiiy  with  distance  (the  distance  attenuation). 

A Rayleigh  type  incompressible  (’’pipe")  flow  analysis  over- 
estimates the  experimental  total  attenuation  results  about  threefold.  By 
assuming  that  the  real  flow  consists  of  a thin  boundary  layer  and  an  inviscid 
core,  and  defining  a displacement  thickness  (£  *)  at  the  contact  front,  it  is 
possible  to  show  that  (£*)  varies  linearly  with  (x),  and  its  rate  of  growth 


( ~ ) is  about  one-tenth  the  value  encountered  in  stationary  flow  for  an 

equivalent  Mach  number  range.  The  value  of  (£  *)  was  not  measured  directly, 
but  was  derived  from  the  actual  total  attenuation  results.  It  is  noted  that  a 
satisfactory  theory  which  would  explain  the  observed  shock  wave  attenuation 
results  from  various  investigations  has  not  been  developed  to-date.  Such  a 
theory,  to  be  valid,  should  explain  the  shock  attenuation  and  the  contact 
front  speed  up  simultaneously,  since  they  are  two  concurrent  phenomena 
in  the  shock  tube. 

Although  numerous  investigations  have  been  conducted  in  shock 
tubes,  there  is  no  evidence  available  of  direct  measurements  of  pressure, 
density  or  temperature,  over  a wide  range  of  diaphragm  pressure  ratios,  in 
the  uniform  regions  separated  by  the  contact  front.  Hence, the  questions 
whether  these  states  are  really  uniform  and  whether  it  is  valid  to  use  the  shock 
velocity  to  calculate  the  magnitude  of  the  physical  quantities  in  the  flow  regions 
separated  by  the  contact  surface  can  not  be  answered.  Until  this  problem  is 
settled,  the  researcher  can  not  accept,  without  reservations,  the  assumption 
that  the  physical  properties  of  the  flows  behind  a shock  wave  may  be  calcu- 
lated from  its  speed. 

One -dimensional  records  are  presented  of  the  flow  at  the  origin 
and  beyond,  over  a range  of  diaphragm  pressure  ratios.  The  deviations 
from,  the  ideal  flow  solution  are  analysed  and  discussed. 

Schlieren  photographs  of  the  flow  from  an  open  channel  and 
chamber  are  also  given,  and  the  departures  from  the  inviscid  flow  solutions 
are  discussed. 

It  is  noted  that  experiments  on  the  head-on  collisions  of  shock 
waves  and  shock  and  rarefaction  waves  as  well  as  shock  wave  refraction  at 
a contact  surface  are  all  in  good  agreement  with  the  simple  wave  element 
solutions,  when  the  deviation  from  thermal  equilibrium  is  negligible.  This 
has  also  been  confirmed  recently  for  the  preliminary  work  on  the  overtaking 
of  two  similarly  facing  shock  waves. 

Several  schlieren  photographs  of  the  interaction  of  a shock  wave 
with  wire  screens  of  different  mesh  size  are  also  included  to  show  .their 
possible  use  in  compressible  flow  studies. 

It  is  noted  that  to-date  the  shock  tube  has  not  achieved  its  once 
expected  prominence  as  an  intermittent  type  of  supersonic  wind  tunnel. 

This  has  been  due  mainly  to  the  difficulties  involved  in  measuring  transient 
physical  quantities  and  trying  to  extrapolate  the  results  for  steady  supersonic 
flow.  Nevertheless,  the  data  that  shock  tubes  have  yielded  on  wave  inter- 
actions, shock  structure,  thermal  equilibrium  and  magneto-hydrodynamics 
have  established  that  it  is  a unique  instrument  for  the  investigation  of  num- 
erous fundamental  problems  in  fluid  mechanics. 


(V) 

NOTATION 


The  notation  He/ Air  is  used  to  designate  a- combination  of 
helium  and  air  separated  by  a diaphragm  in  a shock  tube,  the  helium  being 
at  a higher  pressure  (in  the  chamber)  than  the  air  (in.'ihe  channel).  The 
notation  Air//He  signifies  an  air  to  helium  contact  surface  where  both 
gases  have  the  same  pressure  and  velocity. 

The  wave  system  involves  regions  of  constant  state  denoted 
by  (4)  and  (1)  -at  t = o and  by  (3)  and  (2)  at  a subsequent  time  t,  These 
symbols  are  applied  as  subscripts  to  a flow  quantity  in  a particular  state. 
For  example,  P2  is  the  pressure  in  state  (2). 

The  following  symbols  are  used  to  denote  physical  quantities. 

^ velocity  of  sound 

Cp  coefficient  of  specific  heat  at  constant  pressure 

Cv  coefficient  of  specific  heat  at  constant  volume 

e internal  energy  per  unit  mass 

m mass  flow 

p pressure 

t time 

t^  specific  time  following  t = o 

u particle  velocity 

v velocity  relative  to  the  shock  front 

w speed  of  the  shock  wave 

x position  along  the  shock  tube  measured  from  the  diaphragm 

xj  a specific  position  along  the  tube 
L chamber  length 

p density 

fi  viscosity 

V kinematic  viscosity  (A/e) 

M Flow  Mach  Number  («/a) 


T 


temperature 


entropy 


Reynolds  number/ft. 


The  following  syinbols  are  used  to  denote  dimensionless  quantities 
as  indicated  ; 


NOTE  : In  section  1.06,  oC  and  ^ are  used  to  designate  thermo- 
dynamic parameters  which  are  currently  in  use  in  the  . 
literature. 
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INTRODUCTION 


During  the  past  ten  years  the  shock  tube  has  attained  singular 
recognition  as  the  basic  instrument  for  the  study  of  nonstationary  problems 
in  fluid  mechanics.  At  the  same  time  the  literature  on  the  subject  has  be- 
come quite  extensive.  Therefore,  a report  of  this  nature  would  not  be 
justified  unless  the  presentation  and  the  new  experimental  material  con- 
tributed toward  the  understanding  of  this  recent  field  of  research.  The 
authors  sincerely  hope  that  this  goal  has  been  achieved  in  some  measure. 

The  use  of  the  shock  tube  as  an  instrument  for  the  investi- 
gation of  problems  in  fluid  mechanics  was  started  by  Vieille  in  1899  (ref.  1). 
A significant  contribution  to  the  experimental  knowledge  of  flows  in  a 
shocK  tube  was  made  by  Payman  and  Shepherd  about  forty  years  later 
(ref.  2).  Since  1940  the  work  in  this  field  has  become  extensive  in  scope 
and  varied  in  application.  The  shock  tube  has  now  been  successfully 
applied  to  the  study  of  transition  through  shock  fronts;  wave  interactions; 
subsonic,  transonic  and  supersonic  flows;  wave  diffraction  and  refraction; 
shock  loading  of  structures;  the  measurement  of  the  speed  of  sound  in 
gases;  relaxation  phenomena  in  gases;  condensation;  flame  propagation; 
chemical  reaction  kinetics;  the  atomic  physics  of  the  states  behind  strong 
shock  waves  and  magneto-hydrodynamics  (refs.  3 to  29). 

The  fundamental  theory  concerning  the  wave  elements  pro- 
duced in  a shock  tube  is  due  to  Stokes,  Riemann,  Rankine  and  others 
(ref.  30).  The  basic  theory  of  the  shock  tube  was  developed  later  by  a 
number  of  investigators  (refs.  31  to  34).  Although  the  importance  of 
the  pressure  ratio  across  the  diaphragm  was  recognized  early  as  a fun- 
damental parameter  in  the  study  of  flows  in  a shock  tube,  another  para- 
meter, the  internal  energy  ratio  across  the  diaphragm,  is  shown  in  the 
present  analysis  to  be  of  equal  importance. 

The  shock  tube,  in  its  simplest  form,  consists  of  a straight 
tube  of  uniform  cross-section  containing  a diaphragm  which  separates 
two  compartments.  One  compartment  is  filled  with  a gas  at  high  pressure 
and  is  designated  as  the  high  pressure  chamber  (or  simply  the  chamber), 
the  other  contains  a gas  at  a lower  pressure  and  is  called  the  low  pressure 
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chamber  (or  the  channel).  The  dividing  diaphragm  may  be  cellophane, 
paper,  metallic  foil  or  any  other  material.  Before  the  diaphragm  is 
ruptured  the  gases  in  the  two  sections  are  in  thermal  equilibrium.  When 
the  diaphragm  is  broken,  it  is  observed  experimentally  that  a shock 
wave  races  in  one  direction  along  the  channel  at  supersonic  speeds  while 
a rarefaction  or  expansion  wave  moves  into  the  chamber  at  the  local  sonic 
speed,  as  shown  on  plate  1.  This  wave  system,  which  can  be  deduced 
just  as  well  from  theoretical  consideration,  is  shown  in  figure  1.  In 
this  case  the  theory  assumes  that  the  diaphragm  is  completely  and  in- 
stantaneously removed  and  as  a result  a plane  shock  wave  is  instantly 
propagated  into  the  channel  and  a centred  rarefaction  wave  into  the  cham- 
ber. 


The  gas  in  the  channel,  which  is  compressed  adiabatically* 
by  the  shock  wave,  is  assumed  to  have  a uniform  state  with  constant 
thermodynamic  quantities  of  pressure,  density,  temperaturesentropy 
and  flow  velocity.  At  the  same  time  the  gas  from  the  chamber  is  ex- 
panded isentropically**!  hrough  the  rarefaction  wave  to  the  same  pressure 
and  flow*velocity  attained  by  the  gas  in  the  channel.  Although  a uniform 
state  is  also  theoretically  achieved  behind  the  rarefaction  wave,  the 
temperature,  density  and  entropy  will  be  different  from  the  gas  state 
behind  the  shock  wave. 

In  order  for  these  two  regions  to  coexist  side  by  side,  it  is 
assumed  that  they  are  separated  by  a contact  surface.  In  the  initial  analysis 
an  additional  assumption  is  made  that  the  specific  heats  of  the  gases  remain 
constant  during  the  process. 

In  reality  this  ideal  wave  system  is  not  quite  achieved  as  may 
be  seen  from  plate  IjWhich  shows  a schlieren  (x,  t)-plane  photograph  of  a 
real  flow  in  a shock  tube  from  the  instant  the  diaphragm  is  ruptured. 

With  the  above  assumptions  it  is  possible  to  develop  a theore- 
tical relationship  between  the  pressure  ratio  and  the  specific  heat  ratios 
across  the  diaphragm  and  the  pressure  ratio  across  the  shock  wave.  Once 
the  shock  wave  pressure  ratio  is  known  the  wave  speeds  and  the  thermody- 
namic properties  of  the  uniform  states  are  readily  determined. 

Theoretical  relationships  for  other  flows  and  wave  interactions 
in  a shock  tube  are  also  developed  and  analysed  in  this  report  and  a com- 
parison is  made  with  recent  experimental  work  conducted  at  the  Institute  of 
Aerophysics.  The  results  were  obtained  with  the  3 inch  x 3 inch  wave 
interaction  tube  in  conjunction  with  a schlieren  system  and  wave  speed 
camera,  which  yielded  actual  (x,  t)-plane  photographs  of  the  various  flows. 

* irreversible  process  **  adiabatic  reversible  process 


WAVE  SYSTEM  IN  A SHOCK  TUBE  FROM  THE  INSTANT  THE  DIAPHRAGM 

RUPTURES. 
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FIGURE  1. 


THEORETICAL  DIAGRAM  OF  THE  (x,  t)- PLANE  SHOWING 
THE  WAVES  AND  STATES  IN  THE  CHAMBER  AND  CHANNEL 
FROM  THE  INSTANT  THE  DIAPHRAGM  RUPTURES. 
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I.  RELEVANT  WAVE  THEORY 


l„  01  Basic  Equations  for  Rarefaction  Waves 


In  one -dimensional,  unsteady  and  isentropic  flow  (compres- 
sion or  rarefaction  wave),  the  propagation  of  a disturbance  of  finite 
amplitude  can  be  considered  as  one  composed  of  an  infinite  number  of 
small  disturbances  (Mach  waves  or  characteristic  lines)  propagated  at 
the  speed  of  sound  with  respect  to  the  gas  at  the  point  under  considera- 
tion. 

Rarefaction  waves  are  disturbances  which  are  propagated 
so  that  they  spread  and  become  less  steep  with  time,  while  compression 
waves  become  more  steep  with  time  and  finally  converge  to  form  a 
shock  front.  These  waves  are  aperiodic  and  are  really-transition 
fronts  which  separate  two  constant  states.  Classical  theory  (reference 
30)  assumes  that  when  a piston  in  a cylinder  accelerates,  a compression 
wave  is  formed  and  moves  ahead  of  the  piston,  and  the  fluid  particles 
behind  the  wave  follow  at  the  piston  speed,  whereas,  behind  the  piston 
a rarefaction  wave  is  generated  which  moves  in  a direction -opposite  to 
the  piston,  but  the  gas  particles  go  through  this  wave  and  follow  the 
piston  at  piston  speed  (figure  2). 

In  the  theory  of  the  shock  tube  it  is  assumed  that  when  the 
diaphragm,  which  separates  the  high  and  low  pressure  chambers  filled 
with  a gas  at  nest,  is  suddenly  ruptured,  a contact  surface  C is  formed 
which  behaves  like  a piston  that  has  attained  constant  velocity  through 
instantaneous  infinite  acceleration.  As  a result  a centred  rarefaction 
wave  R,  is  propagated  into  the  chamber  and  a plane  shock  wave  S, 
moves  ahead  of  the  contact  surface  at  supersonic  velocity  into  the 
channel.  The  shock  wave  compresses  the  gas  in  the  channel  to  an 
intermediate  pressure  and  accelerates  the  flow  in  its  direction.  The 
rarefaction  wave  reduces  the  pressure  in  the  high  pressure  chamber 
to  the  same  intermediate  pressure  and  accelerates  the  fluid  particles 
in  a direction  opposite  to  the  advance  of  the  rarefaction  wave  (figure  1), 
so  that  they  follow  the  contact  surface. 

The  centred  rarefaction  wave  R,  is  represented  by  a pencil 
of  straight  lines  (Mach  waves  or  characteristic  lines)  xadiating  from 
the  origin.  It  will  be  shown  that  along  such  a characteristic  line,  the 
flow  speed,  density  or  any  other  thermodynamic  quantity  is  constant. 

The  origin  of  the  centred  wave  represents  an  initial  discontinuity  which 
is  smoothed  out  immediately  and  is  one  of  the  properties  of  non-linear 


3 < 


flow  (reference  30).  In  practice  the  wave  model  is  as  shown  oo  plate 
1,  and  it  approximates  the  conditions  given  oo  figure  2,  that  is,  the 
rarefaction  wave  is  not  centred;  the  shock  wave  is  formed  by  the 
converging  characteristic  lines;  the  contact  surface  is  in  fact  a region 
or  front  which  rapidly  accelerates  at  the  origin  and  later  achieves  a. 
nearly  uniform  velocity . The  actual  flow  at  the  origin  will  be  dis- 
cussed in  section  5.03. 


In  the  analysis  ox  the  rarefaction  wave  in  one- dimensional, 
unsteady  and  in  viscid  flow  the  following  relations  are  applied. 


Equation  of  continuity: 
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Equation  of  motion; 
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Equation  of  state  for  an  “deal  gas; 
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|o=f>RT  (1.3) 

Isentropic  expansion  through  the  wavf; 

p = Af* 


In  general  the  pressure  is  a tun  ton  of  aer.s  fy  and  entropy. 
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then  for  an  isentropx^  flow; 
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FIGURE  2„ 

THE  WAVE  SYSTEM  PRODUCED  BY 
A MOVING  PISTON  IN  A CYLINDER 
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The  above  relations  transform  equations  (1.1)  and  (1.2)  into 
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Adding  and  subtracting  (1.9)  and  (1.10)  gives  : 
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Equations  (1.11)  and  (1,12)  define  two  sets  of  special  curves  which  are 
called  the  characteristics  of  the  equations.  If  a curve  exists  that  has 
the  special  slope 


^ - a*-  a 

JJt 

then  (l.  11)  becomes  an  exact  differential  and 

u +\  -22L.  » © » constant, 

* «-f 

along  this  curve.  Similarly  for  a curve  that  has  a slope 


(1.13) 


(M4) 


(6) 


clz 

dt 


U - d 


then  from  (l.  12) 


U — = (^  = constant. 


(1.15) 


(1.16) 


along  this  curve. 

Equations  (1.14)  and  (1.16)  define  the  0 and  ^ families  of 
characteristics.  In  general  a characteristic  of  one  family  intersects  all 
the  characteristics  of  the  qther  family. 


In  the  physical  (x,.t)-plane  (figure  1 or  plate  1),  the  curves  with 
the  characteristic  slopes  ^k.  « a +cl  and  * u - cl  , represent 
the  motion  of  an  infinite  number  of  small  disturbance  fronts  of  the  finite 
disturbance  (compression  or  rarefaction)  wave.  The  rate  of  advance  of 
these  is  given  by  (u  + a)  and  ( u - a)  respectively.  This  rate  of  propaga- 
tion when  referred  to  flow  speed  U at  each  point  under  consideration  is 
given  by  t a.  Therefore,,  the  front  of  such  a characteristic  line  travels 
with  the  sound  speed  relative  to  the  gas,  and  the  quantity  "a",  may  now 
justifiably  be  called  the  speed  of  sound.  These  characteristic  fronts  are 
therefore  called  sound  waves,  Mach  waves  or  characteristic  lines,  and 
the  first  characteristic  line  (head  of  rarefaction  wave)  travelling  into  the 
gas  at  rest  ( u*  ) when  the  diaphragm  is  ruptured,  advances,  into  the 
chamber  with  a speed. 


the  speed  of  sound  of  the  rest  state.  The  negative  sign  is  consistent  with 
figure  l„  where  the  rarefaction  wave  advances  in  the  negative  X -direc- 
tion. 


From  previous  considerations  it  can  be  seen  that  this  sound 
wave  is  a j I*  - characteristic  and  since  it  intersects  all  the  - 

characteristics  wher.e.  , UH  = 0 and  (1*0.+  , therefore 


(1.17) 


This  value  of  applies  to  the  entire  family  of  $ 

characteristics  intersected  by  the  sound  wave  and  is  a constant  for  the 
entire  region  covered  by  these  characteristics. 


(7) 


Since  along  a if*  - characteristic  U ~ is  a 

constant,  and  U + 7--*-  ~ throughout  the  entire-  region, 

therefore  along  a (j/  - characteristic  it  is  constant  and  "a"  is 
constant.  Consequently  along  a - characteristic  line  ^L^u-Ol 

is  a constant,  and  the  lines  are  straight  as  shown  in  figure  !.  This 
result  is  a basic  property  of  a compression  or  rarefaction  wave  (ref- 
erence 30), 

For  a centred  rarefaction  wave  a new  variable  c is  intro- 
duced such  that. 


c = 

X 

t 

_ 

bx 

t Ac 

b _ 

-C^A_ 

at 

t Ac 

(1. 18) 


Substituting  (1.18)  in  the  basic  equations  (1.1)  and  (1.2)  yields  ; 


(1.  19) 


(1.20) 


where 


and  P'w  it 
F It 


A multiplication  and  division  of  these  equations  results  in  : 


(c  - u) 1 =.  a1 


(1.21) 


(1.22) 


(8) 


Therefore 


C - U 


± a. 


(1.23) 


u / " - %f‘ 


(1.24) 


Since  from  (1.  6) 


ig , (*-,) 


r 


, therefore  from  (1.  24)  : 


= t ^ + constant 

O I 


(1.25) 


The  correct  signs  must  be  chosen  for  (i.  23)  and  (1.25).  In  the 
present  case  the  speed  u is  positive.  For  increasing  u the  density  p 
and  the  speed  of  sound  "a"  decrease,  hence  c - u = -a  and-  u = - ~r- 

9“~  I 

+ constant  apply.  Therefore  the  equations  for  a centred  rarefaction  wave 
moving  to  the  left  (figure  1)  are  ; 

* = a-  a 

t 

(1.26) 

W-  ' ‘ = constant 

For  the  head  of  the  wave  u '=  u^  = o and  a = a^,  and  the  con- 
stant is  therefore  . For  the  tail  of  the  wave  -21  = ug  - a^  and 

— ^-(a4  - ag).  Solving  for  u and  a from  (1.26)  yields  ; 


a - 


S.,  + 1 W'  Y++I 


(1.27) 


a = 


(1.28) 


From  these  equations  it  is  possible,  theoretically,  to  find  u 
and  a at  any  - characteristic  of  the  rarefaction  wave  from  its 

slope  m , the  speed  of  sound  in  the  rest  state  (a^)  and  the  specific 


(9) 


heat  ratio  of  the  gas  in  the  chamber  ( ).  In  reality,  this  may  be  prac 

tical  for  the  two  bordering  characteristics  of  the  rarefaction  wave,  that 
is,  the  head  and  the  tail  of  the  wave,  where  it  will  l?e  shown  that  the 
density  derivative  is  discontinuous  and  thus  they  may  tend  thom” 

selves  to  schlieren  photography. 

* (u**o) 

(1.29)  ♦ 


Since  (4,  3.0,  (2^, 


therefore 


a 

Q- ^ . 


- / - y»~/  ft 

- nr  a* 


and 


(1.30) 
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(1.31) 


Substituting  the  value  of  u from  (1.28) 


(1.32) 


(10) 


The  above  equations  give  the  physical  flow  quantities  through 
the  rarefaction  wave  in  terms  of  the  slope  of  the  characteristic  and  the 
initial  values  of  the  rest  state  (4). 


lo02  Basic  Equations  for  the  Shock  Wave 


In  section  l.  01  it  was  indicated  how  a shock  wave  is  formed 
from  the  convergent  characteristic  lines  of  a compression  wave  due  to 
the  motion  of  a piston  (figure  2 and  reference  10)  or  by  rupturing  a dia- 
phragm in  a shock  tube  (plate  i)0 

In  its  simplest  form  the  shock  wave  is  regarded  as  a thin 
front  (of  the  order  of  a few  mean  free  paths)  in  which  very  rapid  transi- 
tions of  velocity,  pressure'density  and  temperature  take  place. 
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-FIGURE  3 

TRANSITION  ACROSS  A SHOCK  FRONT 


The  shock  front  separates  the  two  states  (l)  and  (2)  in  which 
= o and  jjjjcT"0  • For  convenience,  the  shock  front  which  is 

travelling  at  a constant  velocity  w in  the  shock  tube  may  be  considered 
at  rest  by  a change  of  reference  axes  with  respect  to  the  shock  wave,  that 
is,  by  superposing  an  equal  velocity  w in  the  opposite  direction  on  the 
entire  flpw  field  (figure  3)  so  that 


at,  ~ u,  - ur 


a/1 


= yt-ar 


(1.33) 


C'l) 


The  shock  front  is  assumed  to  lie  in  a plane  perpendicular  to  the  flow 
direction 'so  that  the  problem  can  be  considered  as  one -dimensional:;, 
steady  flow  for  an  ideal  gas„ 

For  one-dimensional  flow  the  equations  of  motion  are  as 

follows  : 

Continuity  equation  : 


(l.  34) 


Momentum  equation 


= O 


(1.35) 


Energy  equation 


d_ 

dx 


O 


(1.36) 


Equation  of  state 


p=  p(c>-C*)r 

(I.  37) 

For  all  values  of  x. 

fVll r - constant 

(L  38) 

P + /VlTX  — ^yU  = constant 

(1.  39) 

rfcr+i*')- 


= constant 


(1.  40) 


(12) 


If  state  (1)  is  known  and 
be  determined. 


then  the  constants  may 


f>AT  = (1.41) 

p + fr4  = p. + /y*  (1,42> 

wfc»T  + -*£  « /?«  (<p>  £*)  (1- 43) 


By  combining  the  above  equations  along  with  the  relation  that 
fx  and  k are  functions  of  temperature,  in  a dimensionless  form,  it  has 
been  possible  to  give  a general  solution  to  the  transition  problem  through 
weak  shock  fronts  with  varying  Prandtl  numbers  (reference  39)  and  to 
determine  theoretically  the  shock  thickness,  and  the  distribution  of  the 
•physical  flow  quantities. 

If  the  conditions  that  - O and  » O are  applied 

to  the  initial  state  (1)  and  the  final  state  (2),  then  the  above  equations  re- 
duce to  algebraic  forms  and  the  Rankine-Hugoniot  relations  for  the  pres- 
sure and  density  across  a normal  shock  wave  are  obtained. 


(1.44) 


ft  + fxtfZ  = P,  -t-  /’at* 


(1.45) 


(1.46) 


(1.47) 


(13) 


& . ($a « fr)  . -L 
(&k  + i)  * 

'u-t.  = 

According  to  the  second  law  of  thermodynamics  i,  » i,  , and  it 
may  be  shown  that  this  occurs  when  ~~  = M,  > I . These  relations 

i 

may  be  compared  with  the  isentropic  equations  (1.  31)  and  it  will  be 
noted  that  by  expanding  the  pressure  ratios  in  a series  form  they  be- 
come equivalent  only  for  very  weak  shocks  (Mach  waves). 

It  should  be  pointed  out  that  the  above  relations  were  de- 
rived by  assuming  that  the  specific  heat  ratio  (*)  is  a constant.  In 
reality,  % is  a function  of  temperature  and  pressure,  and  their 
effects  on  the  specific  heat  will  be  discussed  in  section  1.  06. 


(U48) 


(1.49) 


1.03  Wave  System  in  a Shock  Tube 


The  wave  system  in  a shock  tube  from  the  instant  the  dia- 
phragm ruptures  as  shown  in  figure  1 may  be  deduced  from  a discussion 
of  the  transition  relations  for  shock  fronts  and  rarefaction  waves  by 
utilizing  the  (p,  u)-plane  for  their  graphical  representation  (reference 
30). 


Consider  the  shock  front  separating  the  two  constant 
states  (1)  and  (2)  in  figure  3,  and  apply  the  mechanical  shock  relations. 


{2.W7.  — 

fi/Wi  - m 

(1.44) 

H+  finr*  = 

p,  + P.4T,2 

(1.45) 

where  ^ ~ 

U,~ur 

(1.33) 
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By  combining  (1,45)  and  (1.33),. 


ft  -h 

U, 


- m 


and  from  (1,44)  and  (1.33), 


ft  - P, 

i _i__ 

R ‘ f* 


(1.50) 


(1.51) 


From  (L  50),  (1.51)  and  (1.48), 


where 


FIGURE  4' 

LOCUS  OF  ALL  STATES  (2)  THAT  MAY  BE  CONNECTED 
WITH  A GIVEN  STATE  (1)  BY  A FORWARD  OR  BACKWARD 
FACING  SHOCK  WAVE 


(15) 


These  waves  are  plotted  on  figure  4.  The  positive  sign 
applies  to  shock  waves  facing  in  the  positive  x- direction  (S)  -(forward 
facing  wave).  A forward  facing  wave  is  one  in  which  the  particles 
enter  it  from  right  to  left.  The  opposite  is  true  for  a backward  facing 
wave  (S).  For  example,  by  considering  the  particular  state  (2)  in 
figure  4,  it  is  seen  that  the  unknown  state  (2)  is  connected  to  the  known 
state  (1)  on  its  right,  by  a forward  facing  shock  wave  ( S ). 

In  a similar  manner  for  a rarefaction  wave 


U.x,±  -ft-L.  — ix,  ± 2J£±-  (1.25) 

ar-i  ' v-i 

u,  = U,  ± (1.54) 

where  ^(d)  = “ ']  (l-55> 

These  .curves  are  plotted  in  figure  5. 


FIGURE  5 

LOCUS  OF  ALL  STATES  (2)  THAT  MAY  BE  CONNECTED 
WITH  A KNOWN  STATE  (1)  BY  A FORWARD  OR  BACK- 
WARD FACING  RAREFACTION  WAVE 
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By  combining  figures  4 and  5,  the  following  two  diagrams 
are  obtained  : 


FIGURE  6 

Locus  of  all  the  States  (2)  that 
may  be  reached  from  a given 
state  (1)  on  the  left  by  forward 
or  backward  facing  waves. 


Locus  of  all  the  States  (2)  that 
may  be  reached  from  a given 
state  (1)  on  the  right  by  forward 
or  backward  facing  waves. 


This  combination  is  justified  since  at  the  point  of  inter- 
section  01  f/(Pi)  , f(p)  = fZHZ  and  <£'(>.)  = 


~ -*±i 


and  the  curves  join  at  (1)  in  a smooth  manner. 

on  a 


x (*K)Va  ?,>/x 

Although  <*>'"(  this  has  little  effect 

physical  flow. 


These  diagrams  may  now  be  applied  to  the  shock  tube 
problem  in  the  following  manner.  Given  a shock  tube  as  shown  in 
figure  8,  which  has  two  gaseous  states  (4)  and  (1)  separated  by  a dia- 
phragm, such  that  > pt  and  = U,  » o at  t = o,  plot 

the  two  states  in  the  (p,  u)- plane  and  draw  the  waves  for  the  left  state 
(4)  and  the  right  state  (l)  as  shown  in  figure  9. 


(17) 


FIGURE  8 


INITIAL  CONDITIONS  IN  A SHOCK  TUBE 


FIGURE  9 

THE  SHOCK  TUBE  PROBLEM  IN  THE  (p,  u)-PLANE 


From  figure  9,  it  is  seen  that  when  the  diaphragm  is 
ruptured  one  of  two  new  states  (2)  and  (2*)  may  be  formed  (figure  10). 


N 
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«< 


(a)  , (b) 

FIGURE  10 

POSSIBLE  WAVE  SYSTEMS  IN  A SHOCK  TUBE  FOLLOWING 
THE  RUPTURING  OF  THE  DIAPHRAGM 


States  of  the  type  (2?)  are  impossible  because  the  two  waves 
are  approaching.  This  implies  the  existence  of  a pressure  discontinuity 
at  infinity  at  t = o,  which  is  contrary  to  the  initial  boundary  condition  that 
at  t - o the  pressure  discontinuity  is  at  the  origin.  The  only  physically 
possible  solution  is  that  given  by  state  (2),  that  is,  when  the  diaphragm 
is  ruptured  a shock  moves  into  the  low  pressure  state  (i)  and  a rarefac- 
tion wave  into  the  high  pressure  state  (4)  and  a new  state  (2)  is  formed 
such  that  ^ > £>  and  ux  > Uv  * Q,  « o . It  will  be 

noted  that  nothing  is  learned  about  the  possibility  of  the  existence  of  a 
contact  surface  from  the  (p,  u)- plane  because  across  the  contact  surface 
p and  u were  assumed  equal.  Its  existence  was  deduced  above  from  en- 
tropy considerations  of  the  shock  tube  problem.  Thus,  so  far  as  the  . 

(p,  u)-piane  is  concerned  states  (2)  and  (3)  a. re  equivalent. 

4 

The  (p,  u)-plane  may  be  applied  successfully  to  the  analysis 
of  complex  wave  interactions  in  one -dimensional  flow  (references  12,  16, 

17  and  40)  and  its  validity  has  been  established  by  the  excellent  agreement 
obtained  between  theory  and  experiment  where  this  method  of  analysis  was 
utilized. 


1.  04  Basic  Equations  for  the  W ave  System  in  a.  Shock  Tube 

\ 

In  section  !„  03  it  was  established  that  the  wave  system  for  a 
shock  tube  is  as  shown  in  figure  1.  At  t * o the  diaphragm  is  at  x » o 
and  separates  two  infinite  tubes  of  different  thermodynamir  states,  (4)  and 
(1),  in  which  the  gases  are  at  rest  and  in  thermal  equilibrium.  * The 


■i 
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diaphragm  is  ruptured  at  t = 0,  and  the  position  of  the  waves  at  any  subse- 
quent time  t = t^  is  obtained  from  the  (x,  t)-plane  as  illustrated  in  figure  1. 
The  states  (3)  and  (2)  as  predicted  from  the  (p,  u)-plane  analysis  in  the 
previous  section  have  equal  pressure  and  particLe  velocity.  The  (p,  u)- 
plane  analysis  can  not  predict  the  existence  of  a contact  surface  since 
across  it  p,  and  u are  continuous.  A contact  sutrface  must  be  assumed 
for  the  coexistence  of  the  two  states  (3)  and  (2)  which  were  formed  by 
different  processes  and  have  different  densities,  temperatures  and  entropies. 
This  assumption  has  been  confirmed  by  experimental  results  for  weak  shock 
waves  (reference  20).  On  plate  1,  the  contact  surface  appears  as  a finite 
layer  rather  than  a surface,  due  to  the  imperfect  rupture  of  the  diaphragm. 

Physically  a surface  of  this  type  can  not  exist  for  very  long  without  spread- 
ing due  to  heat  conduction  and  diffusion.  The  transition  across  a contact 
surface  becomes  analogous  to  the  problem  of  transition  through  a shock 
front  and  requires  a solution  of  a set  of  non-linear  differential  equations 
in  heat  conduction  (see  ref.  68). 

The  states  (3)  and  (2)  are  assumed  uniformly  constant  since 
changes  of  state  occur  only  through  the  waves.  In  practice  (see  plate  1) 
this  is  not  achieved  because  flow  disturbances  are  propagated  from  the 
jagged  remains  of  the  diaphragm  along  the  entire  x- direction.  The  train 
of  regular  and  Mach  reflected  waves  behind  the  main  shock  wave  also 
affects  the  flow  behind  it.  This  train  of  waves  is  the  basic  mechanism 
through  which  the  initially  curved  primary  shock  wave  finally  becomes  a 
plane  shock  wave. 

The  basic  shock  tube  problem  is  to  find  the  unknown  flow 
parameters  in  states  (3)  and  (2)  in  terms  of  the  known  quantities  in  the 
initial  states  (4)  and  (1).  This  may  be  accomplished  as  follows,  assum- 
ing the  specific  heats  of  the  gases  remain  constant. 

Across  the  contact  surface  the  velocities  and  pressures  are 
the  same,  therefore 


C/3  - uz 


(1.56) 


P3=  P2  (1.57) 

For  a backward  facing  rarefaction  wave  from  equation  (1.31), 


^3  - % r I — / f%\ 

V4-1 i (pj  J 


04 


(1.  58) 


For  a forward  facing  shock  wave  from  equations  (1.  52)  and  (1.  53)  : 


LLx. 

a, 


(1.59) 


Consequently  there  are  four  equations  for  the  four  unknowns, 

Uzj  and  ..  It  should  be  noted  that  in  general  Yy  ^ y, 

as  the  gas  in  the  chamber  may  be  different,  from  the  gas  in  the  channel. 

Equations  (1.56)  to  (1.59)  have  the  following  dimensionless 

forms  : 


l)3¥  ~ Afv  Um 

7?,  = T=.  R, 


(1.62) 


n,  - 1 

t/P^rjy 


(1.63) 


and  they  may  be  combined  to  form  a relation  between  the  shock  pressure 
ratio  P2[  and  the  known  parameters  P14,  A14,  and  V,  which  may 

be  written  as, 


P + 0 


o 


(1.64) 
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Since  A|4 

El4,  4 


, it  combines 


and  Y,  and  equation  (1.  64)  can  be 


the  basic  gas  parameters 
reduced  to  a simpler 


form, 


V + 1 


(1.65) 


This  equation  has  a complex  algebraic  form  and  an  explicit  solution 
n,  * is,  X)  has  not  been  obtained.  The  following  form 

is  convenient  for  plotting  curves  of  equation  (1.  65)  : 


r xi 


'A 


(1.66) 


which  gives  the  relation  between  the  strength  of  the  shock  wave  (P21) 
produced  in  a shock  tube  as  a function  of  the  pressure  ratio  across  the 
diaphragm  (P^4),  the  specific  heat  ratios  ( Y*,  Y,  ),  and  the  internal 
energy  ratio  (Ej4)  of  the  gases  used  in  the  channel  and  ihe  chamber. 


Some  interesting  mathematical  limits  may  be  derived  from 
equation  (i.  6-6).  . When  P14  * o (1.  e.  ft  _ o or  —v  M 

conditions  which  are  not  realistic  physically). 


(1.67) 


This  gives  the  relation  for  the  strongest' possible  shock  wave  that  may 
be  produced  m a shock  tube  with  an  infinite  pressure  ratio  (P4i)‘  across 
the  diaphragm.  It  is  seen  that  the  strongest  waves  are  produced 

for  small  values  of  Ei4-  = > and  immediately 

suggests  the  use  of  a combination  such  as  H2/A,  H2/N2  or  He/Air  for 
the  production  of  strong  shock  waves  even  at  room  temperature  (Epj 

is  00309,  0-0735*  and  o-23/  for  the  three  combinations  respectively, 

see  table  1). 


'i 
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For  example, 
perature  E3.4  = 1 and 

ture  E14  = 0-2-3/  and 


using  the  combination  Air/Air  at  room  tem- 
fpai  1 = 44;  for  He/Air  at  room  tempera- 

^ = 132;  for  H2/N2  at  room  tempera- 


ture E^4  = 0'073S  and  = 574.  The  advantage  in  using  such 

gas  combinations  for  the  production  of  strong  shock  waves  is  .quite 
evident**  It  is  rpuch  more  efficient  to  ignite  combustible  mixtures  such 
as  * 86  H2  + • 1402  (reference  29)  or  • 7 He  + . 2 H2  + a 1^2  (mole-  fraction)  in 
the  chamber  in  order  to  produce  very  strong  shock  waves.  A very  large 
gain  is  obtained  from  the  high  value  of  T4J  This  topic  will  be  consider- 
ed in  section  4. 


ft  may  be  worth  noting  that  when  Ei4^  1,  a good  approxima- 
tion to  equation  (1.  67)  is  ; 


(1.68) 


It  will  be  noted  that  from  equation  (1., 67),  when  E^  — ► o, 

Q*.]*„r*  00  , and  when  >►00  , 0 — **  ^ 

mathematical  limits  of  E^  = o or  Epj  = 00  are  physically  impossible 
since  they  imply  that  either  the  temperature  T,  = o or  T4  = 00  . 

The  criteria  for  strong  shock  waves  are  therefore, 

(1)  A very  large  diaphragm  pressure  ratio,  00 

(2)  A gas  cdmbination  which  will  give  a small  energy  ratio  across  the 
diaphragm,  .Epj.  — Q 

A graphical  solution  for  equation  (l.  66)  is  shown  on  figure 
ll  for  the  case  of  Air/Air.  It  is  seen  tha^-the  curves  occupy  the  region- 
between  two  straight  lines  which  pass  through  the  point  (1,  l).  These 
lines  correspond  to  the  theoretical  limiting  values  of  Ej.4)  that  is,  when 
e14  = °>  P21  = p4l  and  when  Epj  ? > P21  * 1 regardless  of  the  value 

of  P4^,  and  illustrates  the  previous  discussion  on  the  production  of 
strong  shock  waves.  A similar  plot  is  shown  on  figure  12  for  different 
gas  combinations  at  the  Same  temperature,  (T14  = l). 
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1.05  Determination  of  Physical  Quantities  and  Wave  Speeds  in  a Shock 
Tube. 


Once  the  shock  pressure  ratio  (P21)  has  been  determined 
from  the  given  initial  conditions  in  the  tube  (equation  1.66)/  all  other 
quantities  of  the  flow  may  be  calculated. 

1.  Density  Ratios 

From  equations  (1.30)  and  (1.48), 


A. 

6 


(1.69) 


fa  _ I +■  otJli 

f <*.  + 'H., 


2.  Speed  of  Sound  and  Temperature  Ratios 


(1.70) 


Tli  foe,  +Tk)  ^ 72) 

0 


3.  Velocity  of  the  Shock  Wave 
By  definition,  for  stationary  flow 


/ tj. zJ£lL  = (£l 

a,  a, 


\ 


(25) 


since 


I + oL'lji 

<*-.  +•  Tz, 


oc, 


therefore 


[A  (' + «^-)] 


<L 


4.  Particle  Velocity  or  Contact  Surface  Velocity 


(1.73) 


Uz 

a, 


fa.  - 1 ) 

r <)]* 


(1.63) 


5.  Speed  of  Head  and  Tail  of  Rarefaction  Waves 


For  a backward  facing  rarefaction  wave  the  head  and  tail  of  the  wave 
have  the  following  characteristic  speeds. 


_ (Jit.  — Q-+ 

W*  a¥  ay 


(1.74)- 


(1.75) 


(1.76) 
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k/|  _ - Hu. 

1 I*  ~ VL 


(1.77)- 


It  is  .of  interest  to  examine  the  mathematical  limits  of  the 
above  relations  for  very  strong  shock  waves,  The  values  appear  in 
table  2 for  three  gas  combinations  in'  th£  shock  tube.  . In  all  cases 
considered  in  table  2,  the  diaphragm  pressure  ratio  P41  = is 

taken' as  infinity,  that  is,  p^  is  of  order  zero  by  comparison  with  the 
magnitude  of  P4.  For  Air/ Air,  when  Epj  = 1,  the  limiting  shock 
strength  P21  = 44.,  the  pressure  ratio  across  the  rarefaction  wave 
P34  = 0 and  the  speeds  of  the  tail  of  the  rarefaction'wave,  the  particle 
velocity  in  state  (3)  and  (2)  are  respectively  C34  = 1134,*  U21  = 5,  the 
escape  speed.  In  other  words.,  -the  tail  of  the  rarefaction'. wave  coincides- 
with  the  contact  surface  and  state  (3)  is  non-existent.  A.t  a^firsl  glance 
it  appears  as  if  the  conditions  in  the  shock  tube  are  violated  at  the  con- 
tact surface,  since  on  the  .one  hand  a complete  centred  rarefaction  wave 
results  from  the  assumption  of  P4(  =•  00  .,  and  on.the  other  hand  the  re- 
sults show  that  a shock  wave  pressure  ratio  P2^  = 44  exists.  It  is  re- 
called that  the  shock  tube  equation  was  developed  on  the  conditions  that 
P3  = pg  and  U3  = U2,  exist  at  the  contact  surface.  By  assuming  that 

p 41  = “ 00  » then  P34 .=  P14P2i  or  */k ‘ Vft.  has  in  it  an 

assumption  with.regard  to  the  order  of  magnitude,  that  is,  p^,-  P3  and 
pp-are  zero  by  comparison  with  P4,  and  this  tends  to  violate  the  initial 
conditions  that  pg  = pg^O.  Therefore,  the  results  frodi. the  basic 
shock  tube  equation  will  apply  except  for  the  error  in  the  order  of 
magnitude  introduced  by  ~ oo  *’  Thus,  even  if  "=  44, 

P34  = pl4p2.l  applies  because  k/k  is  also  of  order  zero. 
Physically  the.  condition  that  P41  ’=  00  is'dmpossible.  It  could  be 
achieved  by  having  p-^  = 0 and  p4  finite,  in  which'case  a complete  ex-’- 
pansion  wave  only  would  result;  ’or  else  P4  = 00  and  p^  finite,  in 
which,  case  the  above  discussion'applies,  that'ip,  a shock  is  produced 
such  that  pg  = 44  pp  but  whose'  Order  of  magnitude  by  comparison  to 
P4  is  zero.  A centred  rarefaction  wave  is  also  formed  such  that  P3 

is  of  order  zero  by  comparison  to  P4,  and  therefore  the  complete 
centred  rarefaction  wave  solution  is  approached  and  yields  the  escape 
Speed  as  the  partigle  velocity  as  noted -in  table  2.  . 


r 


28 


FIGURE  11. 

VARIATION  OF  THE  SHOCK  PRESSURE  RATIO  (P21) 
WITH  THE  DIAPHRAGM  PRESSURE  RATIO  (Pi 4)  AND 
THE  INTERNAL  ENERGY  RATIO  (E14)  ACROSS  THE 
DIAPHRAGM.  CASE  Air/Air, 


1 


(29) 


FIGURE  12. 

VARIATION  OF  THE  SHOCK  PRESSURE  RATIO  (P12) 
WITH  THE  DIAPHRAGM  PRESSURE  RATIO  ( P14  ) 
FOR  DIFFERENT  GAS  COMBINATIONS  AT  THE 
SAME  TEMPERATURE  (T^pl).  I-1. 


(30) 


If,  in  addition  to  = oo  , = 0,  i.e.  * 0 or  =60  , 

then  the  flow  quantities  are  as  shown,  for  the  case  Air/Air.  The  inter- 
esting limits  are  for  fj[ ( * ~ 6 and  M2  3 Wx/fljt  * ^9  when 

P21  = OO  , Again,  these  conditions  are  not  attainable  physically.  For 
the  case  Air/Air,  E,^*  0. 1 could  be  obtained  by  having  T]_  = 300°K  and 
T4  = 3000°K.  Assuming  If  constant,  then  P21  * 422,  U34  " A^l^i  * 

is-e/fto  = 5 = C34.  In  this  case  as  well,  the  tail  of  the  rarefaction  wave 
coincides  with  the  contact  surface  and  they  move  with  the  escape  speed 
(2a*jW-/)  of  the  gas  in  the  chamber.  At  room  temperature  (or  equal 
temperatures  in  the  chamber  and  channel)  E14  = 1 for  Air/Air,  E14  3 .231 
for  He/Air  and  E14  3 . 0735  for  H2/N2.  The  great  advantage  in  using  the 
latter  two  combinations  for  the  production  of  strong  shock  waves  and  high 
values  of  the  other  flow  quantities  is  illustrated  in  table  2. 


If  aerodynamic  testing  is  required  in  the  constant  state 
regions  (3)  and  (2)  then  the  best  type  of  gas  to  be  used  for  the  produc- 
tion of  high  Mach  numbers  may  be  obtained  by  differentiating  equations 
(1.  66),  (1.  76)  and  (1.  77)  with  respect  to  the  diaphragm  pressure  ratio 
(P41)j  and  obtaining  the  maximum  limits  when  P41  = 1,  that  is,  when 
very  weak  shock  waves  are  produced. 


rt-' 


where  B 
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A comparison  of  the  above  derivatives  when  = 1 gives 
a good  indication,  over  most  of  the  range,  of  the  important  parameters 
required  for  the  production  of  strong  shock  waves  and  high  Mach  number 
flows.  The  derivative  shows  that  the  greatest  increase 

V 3TE  fa  * 1 

in  shock  strength  with  an  increase  in  the  diaphragm  pressure  ratio  occurs 
whenE^-^O  (i.e.  P21'  = P41,  see  figure  11).  For  strong  shocks  the  pro- 
duct (BE)i4  must  be  made  small  by  an  appropriate  choice  of  a gas  combina- 
tion, sayHg/SFg  or  H2/A. 

V ZPvJt„  - 1 

that  for  the  production  of  a high  Mach  number  flow  in  state  (3),  Ej^  should 
be  very  large.  Thus  there  is  an  opposing  demand  in  this  case  for  a gas 
combination,  say  A/E^  or  SFg/l^  which  will  give  weak  shocks.  The 
reason  for  this  maybe  seen  from  a plot  of  M3  vs  P34  = P14P21  (figure  13). 

For  the  production  of  a shock  wave  of  reasonable  strength  (P21) 


On  the  other  hand  the  derivative 


shows 


FIGURE  13. 

VARIATION  OF  MACH  NUMBER  WITH  PRESSURE  RATIO. 
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it  will  bequire  a very  much  larger  diaphragm  pressure  ratio  (P41},  when 
a gas  combination  is  used  which  has  a large  value  of  . Hence  P34  = 
P14P21  is  very  small,  and  as  a result  M3  is  very  large.  Although  the 

values  of  for  real  gases  do  not  differ  very  radically  ( & ranges 
from  about  1.1  to  1.  66),  nevertheless  the  best  result  for  a high  Mach 
number  flow  (M3)  is  obtained  by  using  a gas  combination  with  a large 

value  of  E|4  and  a low  value  of  ^ , which  also  implies  a large  value  of 
(BEjl4.  For  example  _ ( is  much  greater  for  the  combination 

SF6/H2  than  for  A/H2  (.  804  and  .497  respectively).  In  this  case  the  low 


value  of  % and  for  SFg  has  a telling  effect.  Furthermore  the 
index  of  refraction  of  SF6  is  considerably  greater  than  that  of  A and  is  a 
useful  asset  for  optical  studies_of  the  flow,  (see  figure  15  and  16). 


The  derivative 


shows  that  for  high  Mach 


number  flows  in  state  (M2)  it  is  important  to  use  a gas  combination  with 
a low  value  of  BE  14  and  a low  value  of  ^ . Combinations  such  as 

H2/A  and  H2/SF6  are  very  useful  for  the  production  of  strong  shocks 
and  high  Mach  number  flow  behind  the  shock  wave.  The  combination 
H2/SF6  is  much  better  than  H2/A  since  it  has  a higher  AMv  \ 

1 - 1 

value  (.804  and  .497  respectively).  Also  for  SF6  M2  max,  = 4.36  as 
compared  to  M2  max.  = 1.34  for  argon.  .However,  the  combination 
H2/A  is  useful  for  the  production  of  strong  shock  waves  in  a monatomic 
gas  (A),  since  it, is  not  affected  by  dissociation  at  tens  of  thousands  of 
degrees  Kelvin  and  ionization  phenomena  may  be  studied  much  more 
readily. 


The  variation  of  M2  with  P14  and  E’4  is  shown  for  Air/ Air 
on  figure  14,  and  for  Mg  on  figure  15.  The  effect  of  different  gas  com- 
binations on  Ma  appears  on  figure  16. 

Although  the  above  curves  are  useful  for  illustrating  the 
range  of  the  parameters  involved  in  the  shock  tube  problem  they  can- 
not be  utilized  too  readily  for  experimental  comparisons.  As  a result 
the  curves  are  replotted  so  that  they  may  be  applied  to  actual  problems. 
Figure  17  shows  the  variation  of  P41  vs  P21  for  the  case  Air/Air, 
t14  = Figure  18  shows  the  variation  of  P4^  vs  P2l  for  He/Air, 

T14  = l.  The  relations  for  the  wave  speeds  in  Air/ Air  as  a function  of 
shock  pressure  ratio  (P21)  and  diaphragm  pressure  ratio  (P41)  appear 
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) 
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in  figures  19  and  20.  The  variation  of  the  flow  parameters  in  regions  (3,) 
and  (2)  as  a function  of  shock  strength  (P21)  are  shown  on  figures  21  and 
22.  The  above  graphs  make  it  possible  to  determine  quickly  the  flow 
parameters  in  a shock  tube  as  a function  of  shock  strength  (P21)  diaphragm 
pressure  ratio  (P41)  or  shock  wave  Mach  number  (W-^).  Similar  curves 
for  the  case  He/Air  are  shown  on  figures  23  and  24. 

It  will  be  noted  that  the  curves  which  give  the  variation  of  the 
physical  quantities  with  shock  pressure  ratio  (P21),  for  air,  are  not 
extended  beyond  Pg^  = 33.  The  reason  for  this  is  that  specific  heat  ratio 
(V)  can  no  longer  be  assumed  constant,  and  variable  specific  heat  must 
be  considered.  This  problem  is  discussed  in  detail  in  Section  1.06. 


In  order  to  compare  some  of  the  experimental  results  obtained 
in  various  shock  tubes  on  shock  wave  attenuation,  boundary  layer  growth, 
shock-boundary  - layer  interactions  and  model  tests  in  the  uniform  state 
regions,  it  is  necessary  to  maintain  dynamic  similarity^  and  the  Reynolds 
number  becomes  one  of  the  important  non-dimensional  parameters. 
Strictly  speaking,  this  implies  that  for  two  flows  the  Reynolds  number 
for  corresponding  points  in  the  flow  must  be  identical,  in  order  to  achieve 
dynamic  similarity.  Since  the  flow  in  a shock  tube  is  assumed  as  one- 
dimensional, a typical  length  dimension  is  not  readily  available^unless 
the  shock  thickness  or  the  mean  free  path  is  used.  (A  cross-  sectional 
dimension,  boundary  layer  thickness  or  a model  dimension  could  also  be 
used  for  real  flows.  ) However,  for  any  point  in  the  flow  the  mean  free 
path  may  readily  be  utilized  as  a fundamental  length  parameter  and  the 
Reynolds  number  is  given  then  by  the  relation: 


/Q'U  A 

V 


where 


r 


= gas  density 


M,  - mass  motion  of  the  gas  or  the  free  stream  velocity 


X - 


equilibrium  molecular  mean  free  path  of  the  gas 


gas  viscosity 


From  the  kinetic  theory  of_gases 
JJb  = 0.499  |0  C A 

where  G = the  mean  molecular  velocity 
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VARIATION  OF  MACH  NUMBER  IN  STATE  (2)  WITH 
THE  DIAPHRAGM  PRESSURE  RATIO  ( P14  ) FOR 
DIFFERENT  INTERNAL  ENERGY  RATIOS  '(  E 14  ) 
ACROSS  THE  DIAPHRAGM. 
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FIGURE  15. 

VARIATION  OF  MACH  NUMBER  IN  STATE  ( 3 ) 
WITH  THE  DIAPHRAGM  PRESSURE  RATIO  (P  14) 
FOR  DIFFERENT  ENERGY  RATIpS  (E  14) 
ACROSS  THE  DIAPHRAGM 
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or 


C 


a 


where  & = speed  of  sound  of  the  gas 

y = specific  heat  ratio  Cp/cv 

Hence  1.  486  M,  and  for  isentropic  flow,  the  Reynolds  number 

at  a point  depends  only  on  Mach  number.  The  form  that  the  Reynolds 
number  usually  takes  is. 


where  K 


Knudsen  number. 


an  arbitrary  linear  dimension  which  fixes  the  scale. 


For  most  shock  tube  work  the  Knudsen  number  is  very  small,  and  in 
order  to  compare  the  Reynolds  numbers  in  the  uniform  state  regions 
(2)  and  (3),  the  Reynolds  number  per  foot  is  arbitrarily  used  and  is 

given  by,  _ P^  . Thus,  for  state  (3), 

r - Ji 


(1.79) 


or 


p t,  & 

**  rT1 

1 3* 


(1.80) 


where  the  viscosity  as  a function  of  temperature  is  assumed  as 


(1.81) 


Similarly 


_ v,  ft  fl7,  U, 

^ 4 ^ TT/7* 


(1.82) 
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For  the  case  Air/Air,  the  Reynolds  rumber  ratio  is 


(Re),  = 

(Re), 


(1.83) 


Assuming  an  initial  temperature  in  the  shock  tube  of  15°  C, 


and  a pressure 

in  the  channel  p *•  1 mm.  Hg. , then. 

Tl 

= t4  = 

288°  K 

al 

= a4  = 

1117  f.p.s. 

A 

II 

< 

tl 

-7 

3.  7194  x 10  slugs  per  ft.  sec 

-6 

(1 

3. 13  x 10  slugs  per  cu.  ft. 

Pi  = 

1 mm.  Hg. 

and  the  variation  of  the  Reynolds  number  per  foot  in  state  (2)  and 
the  Reynolds  number  ratio  with  diaphragm  pressure  ratio  (P^), 
is  as  shown  in  table  3 and  plotted  in  figure  25. 

It  is  seen  that  even  at  a low  channel  pressure  (p^  = 

1 mm.  Hg. ) the  Reynolds  number  per  foot  is  sizeable.  The  Reynolds 
number  per  foot  in  state  (3)  is  considerably  greater  than  in  state  (2), 

and  theratio  increases  with  increasing  diaphragm  pressure 

ratio.  Thus  by  varying  the  channel  pressure  (p^)  and  the  diaphragm 
pressure  ratio  (P4^),  it  is  possible  to  get  a large  range  of  Reynolds 

and  Mach  numbers  in  a shock  tube  for  aerodynamic  testing  in  the 
uniform  state  regions.  Although  theoretically  region  (3)  has  the 
larger  Mach  and  Reynolds  number  range,  in  practice  this  region 
passes  over  the  jagged  remains  of  the  diaphragm  and  is  found  to 
be  quite  turbulent,  and  perhaps  may  not  be  as  useful  for  testing 
purposes  as  state  (2).  However,  preliminary  work  conducted  in 
state  (3)  (reference  27)  indicates  that  high  Mach  numbers  and 
uniform  flow  can  be  achieved. 

In  order  to  illustrate  the  variation  of  the  physical  and  ther- 
modynamic quantities  of  the  flow  in  a shock  tube  as  derived  from  the 
previous  equations,  figure  26  is  included  for  a specific  case.  The 
flow  properties  along  the  tube  are  shown  for  an  initial  tube  temperature 


't 


(48) 


(49) 


of  288°K,  a channel  pressure  = LOO  mm.  Hg. , a diaphragm  pressure 
ratio  P41  = 20,  case  Air/Air,,  for  = 1000 /At  sec.  after  rupturing  the  dia- 
phragm. The  pressure  (p),  density  (p  ),  temperature  (T),  particle  velocity 
(u  ),  Mach  number  (M)  Reynolds  number  (Re),  entropy  (£!L),  and  the  con-  • 


served  flow  parameters  Cp  To  and 


are  shown  along  the  tube 


length  (ac  ).  The  actual  values  of  the  quantities  are  also  given  and  were 
obtained  from  the  previous  graphs. 


The  transition  values  through  the  rarefaction  wave  may  be  de- 
termined as  follows  : 


By  introducing  a dimensionless  parameter 


n = 


-x 

a^t 


equations  (1.32)  take  the  following  form 


y 


j 


(1.84) 


(1.  85) 


Differentiating  the  above  relations  with  respect  to  n , or  perpendicular 
to  the  characteristic  lines,  * 


dfL  — y»- 1 ^ 

djl  + 1 


•fo 


y 

(1.86) 
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The  derivatives  may  be  evaluated  quite  readily  at  three  points  of  interest, 
namely,  at  the  head  of  the  rarefaction  wave  ( fi  = -1),  at  the  point  where 
the  flow  reaches  a Mach  number  of  unity  (n  = o,  U.  = a)  and  the  tail  of  the 
rarefaction  wave  (i.  e.,  where  n = U 3*,  — )• 


TABLE  4a 

Transition  Through  a Rarefaction  Wave  for  Air/ Air 

JL  Jm  -L  dr  — it 

Q*#.  oln  Tif  tin  £ ^ dn 

.833  -.  333  -.  833  -1.166 

. 833  -.  278  -.402  - . 390 


From  Tables  4a  and  4b  the  following  may  be  deduced  : 

(a)  The  profile  of  a given  transition  curve  through  the  characteristics  of 
the  rarefaction  wave  is  fixed  by  the  set  of  initial  conditions  in  the  chamber. 

(b)  The  amount  that  the  transition  curve  extends  toward  the  limiting  case 
of  a complete  centred  rarefaction  wave  depends  on  the  initial  diaphragm 
pressure  ratio. 


ot-M 

oln 

.833 

1.200 


(51) 


TABLE  4b 

Transition  Through  a Rarefaction  Wave  for  Air/Air 


K 

n, 

h = 

l da. 

a>t  dh 

J_  da. 
df\ 

TIf 



m 

1 cLf> 

dM 

dh 

4,34 

2.0 

mm 

-.  166 

■n 

I 

-.535 

-..600 

MW 

10.  5 

2.9 

0 

-.166 

.833 

-.278 

-.402 

-.390 

1.20 

46.1 

5.0 

. 629 

-.166 

.833 

-.242 

-.233 

-.  174 

l.  57 

554. 

10.  0 

1.609 

-.  166 

.833 

-.  188 

-.085 

-.0379 

2.  61 

34550 

20,0 

2.9  16 

-.166 

.833 

-.  116 

-.0  121 

-.00204 

6.  90 

©o 

44 

5 

-.  166 

.833 

0 

0 

0 

OO 

(c)  When  an  infinite  diaphragm  pressure  ratio  is  used  then  a complete 

centred  wave  results  and  the  transition  curve  is  complete;  that  is,  the 
density,  temperature,  pressure -and  speed  of  sound  are  zero;  the  particle 
velocity  is  and  the  Mach  number  is  infinite  at  the  tail  of  the  wave. 

(d)  For  an  incomplete  centred  rarefaction  wave  all  the  derivatives  are 
discontinuous  at  the  head  and  at  the  tail  of  the  wave. 

(e)  For  a complete  centred  rarefaction  wave  all  the  derivatives  are  dis- 
continuous at  the  head  of  the  wave.  The  density,  temperature  and  pressure 
derivatives  are  zero  at  the  tail  and  the  curves  are  tangent  to  the  H -axis. 
The  values  of  the  speed  of  sound  and  particle  velocity  derivatives  are 
finite  at  the  tail;  and  that  of  the  Mach  number  is  infinite  (see  table  4b), 

The  transition  profiles  are  illustrated  in  figure  27. 

Since 


Nl 


(52) 


the  above  derivatives  may  be  transformed  to  the  (x,  t)-plane  by  multiply- 
ing by  , that  is, 

££.  = j_ae. 

&C  Out  dn  (1.88) 

/ ' 

« 

It  will  be  noted  that  when  t — o,  the  above  derivatives  become  infinite 
at  the  origin  and  typifies  the  discontinuity  of  a centred  rarefaction  wave,, 
When  t — "o  all  become  zero  except  the  Mach  number  derivative 
which  is  infinite.  Thus  there  is  a discontinuity  at  the  origin  which  is 
assumed  to  be  smoothed  out  at  once.  If  the  initial  values  in  the  chamber 
are  not  infinite  then  at  an  infinite  time  from  the  breaking  of  the  diaphragm 
the  disturbance  is  dissipated.  The  above  are  mathematical  concepts 
which  are  not  realised  in  actual  shock  tube  flows  because  the  tube  is  of 
finite  length  and  the  ruptured  diaphragm  does  not  give  rise  to  a centred 
expansion  wave  as  can  be  deduced  from  plate  1.  The  interesting  result 
from  table  4,  is  obtained  from  the  density  derivative  column.  It  is  seen 
that  dfL  is  of  comparable  order  of  magnitude  for  the  head  and  tail  of 

dLtl 

weak  rarefaction  waves.  Therefore  it  might  be  expected  that  both  border 
Mach  lines  of  the  expansion  wave  would  appear  in  a schlieren  photograph, 

\p 

since  it  records  . In  actual  flows  only  the  head  of  the  rarefaction 

wave  appears  in  a (x,  t)-plane  schlieren  photograph  and  this  will  be  dis- 
cussed in  section  5.07. 

Referring  to  figure  26,  it  is  of  interest  to  note  that  at  the  con- 
tact surface  only  the  particle  velocity  and  the  pressure  are  continuous  and 
all  other  parameters  are  discontinuous.  Since  the  temperature  and  the 
density  are  discontinuous  at  the  contact  surface  there  exists  a molecular 
transfer  of  heat  between  region  (3)  and  (2).  The  transition  through  the 
contact  front  will  consist  of  a solution  analogous  to  the  transition  through 
a shock  front. 

It  should  be  noted  that  the  greatest  change  in  entropy  exists  at 
the  contact  front  and  not  at  the  shock  front,  and  arises  from  thie  fact  that 
state  (4)  being  a region  of  high  pressure  but  at  the  same  temperature  as 
state  (1),  has  a very  much  lower  entropy. 

In  order  to  solve  the  shock  tube  problem  the  particle  velocities 
Ct3  — U-x  and  ^e  pressures  pg  = pg  were  matched.  The  process  for  the 
rarefaction  wave  was  shown  to  be  unsteady  and  isentropic.  The  differen- 
tial equations  of  continuity  (1.1)  and  motion  (1.2)  defining  this  flow  were  not 
solved  directly,  instead,  the  equations  of  the  characteristics  (1.13)  to  (1.16) 


(53) 


were  found.  Whereas,  the  shock  wave  process  was  shown  to  be  equivalent 
to  an  adiabatic  steady  process.  The  differential  equations  of  continuity, 
momentum  and  energy  were  solved  directly  for  this  case*  As  a result  of 
the  matching  of  these  two  different  flows,  two  conserved  flow  parameters 
appear  on  figure  2 6 at  the  contact  surface,  i»e.  Cp  To  and  , 

Due  to  the  steady  state  process  Cp  To  3 CfTi  , the  stagnation 

enthalpy,  remains  constant  for  regions  (l)  and  (2),  but  due  to  the  unsteady 
state  process  u.  + - , the  constant  of  the  family  of 

characteristics,  applies  to  regions  (4)  and  (3), 

It  is  interesting  to  note  that  the  constant  per  unit  mass  for  (1) 
and  (2)  is  an  energy  constant,  and  for  (4)  and  (3)  a momentum  constant. 
This  anomaly  along  with  the  "escape  speed"  for  one -dimensional  unsteady 

A o ^ 

( u.  •=  ~ — Ci»  ) and  for  one -dimensional  steady  ( u « 
flows,  has  to  date  not  been  explained  satisfactorily. 


1.06  Deviations  from  Thermal  Equilibrium  in  a Shock  Tube 


The  basic  equation  for  flows  in  a shock  tube  (1.65),  was  de- 
rived in  section  1.  05  under  the  assumption  that  the  specific  heat  ratio  (^  ) 
remained  constant.  It  was  shown  in  table  2,  that  for  very  large  diaphragm 
pressure  ratios  very  high  temperatures  can  be  achieved  in  state  (2)  and 
very  low  temperatures  in  state  (3).  Under  these  extreme  temperature 
conditions  the  assumption  of  constant  specific  heat  is  ho  longer  valid  and 
these  deviations  are  considered  in  the  present  section. 

(a)  Flow  Through  a Centred  Rarefaction  Wave  with  Variable  Specific  Heat 

It  was  shown  in  section  1.01  that  the  basic  equations  to  be 
solved  for  a centred  rarefaction  wave  were 
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Applying  the  first  law  of  thermodynamics  to  an  isertropi'c  process,  then 
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1 FIGURE  26  (a)  1 

VARIATION  OF  FLOW  PROPERTIES  p ,f,  T ALONG  A SHOCK  TUBE 
AT  TIME  t = 10  "3  sec.  INITIAL  CONDITIONS: 

T = 288°  K,  pj  = 100  mm.  Hg.,  P4  i s 20.  CASE:  Air/Air. 
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VARIATION  OF  FLOW  PROPERTIES  7^  , CJi,  , 

Cv  ; r ' Y-l 

ALONG  A SHOCK  TUBE  UNDER  CONDITIONS  GIVEN 
FOR  FIGURE  26  (a). 


1 


1 


Since  the  equation  of  state  may  be  assumed  to  apply. 


and 


Let 


h.  - it  - 41 

p r " t 

Cv  df=>  — Cp  - Q 

*>  r 

& = cPe  + 1 

Cv  = Cv0  + Cy  J 


(1.  90.) 


(U91) 


(1.92) 


Where  s is  the  decrease  in  the  specific  heat  due  to  the  de- 

excitation of  the  rotational  (or  vibrational)  degree  of  freedom  of  the  mole- 
cules as  the  tejnperature  drops.  cPo  and  Cv  are  the  initial  values  of  the 
specific  heats  at  constant  pressure  and  volume  respectively.- 


Hence  K - c„  - Cv  = C„,  - Cv. 

tfo  = Ch, 

Cv o 

Substituting  in  (1.  91)  then, 
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(1.93) 

t*  P 

Cv.  T 

JZrv  f\  - jo 

- Y^r  + -izfc'dl 

Let 

JnX(r)  « - 

— fc'  ££ 
CvJc»  r 

(1.94) 

and  then 

I*  - V* 

X(t) 

(1.95) 

This  is  the  modified  isentrcpic  relation  and  reduces  to  the  standard  form  of 
P - Af*  when  Cy  s 0 or  X(r)  s l.  From  equation  (l,  95) 


(59) 


dx  = iXoir  = d%(_ L±__t_) 

dr  dr  dr  dr\nr  df  try 


— i2L  — — C*—  , then 

X oLT  rc/. 


or  4X 

_ 

/ 1 dp 

dr 

ar  1 

iRf  if 

Substituting  from  equation  (i„  94) 
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f Cv  d^ 

7F 

Cv„ 

P df 

Therefore, 
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or 
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Integrating  equation  (1„22) 

• u = t Jyftsr  p5*3  £ J/ 


or 


u = ttff7/A^/8d(f^/) 


and  let  U-  s + 
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__  It  is  necessary  at  this  stage  to  investigate  the  va 

S . This  can  be  done  for  a simple  example  if 

c;  - Cr  - 

where  € is  a small  order  quantity. 

Hence  from  equation  (i.  94) 

A%(T)  = -fedT  = -eT+c 

when  £ =r  o ^ jWX(t)  » o and  C * O 

* = e'sT 


and  the  modified  adiabatic  relation  is 

r = /4fv‘e'sT 

Also  g^s  (**T^+ 

Since  € is  small, 

0-€T)(<  + ^)(i-er) 
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From  equation  (1. 105),  _ , v 
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Neglecting  second  order  quantities,  then 


S = | - < | <‘-108> 


Equation  (1. 100)  may  now  be  written  as 
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Therefore 


- - f, 

= t/^r[^rrv- 
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+ c 
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-f  c 


s = '-f-r  < i 


(1. 109) 
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For  constant  specific  heat  € = o and  £ = 6 =1.  The  boundary  condi- 
tions for  equation  (1.109)  are  that  when  U^Ue  , f3  » , 

S = So  = 1 and 


(i.my 


1 


for  a "backward  facing  rarefaction  wave.  This  relation  may  also  be  trans- 
formed in  terms  of  the  pressures. 

Since  p = T ) , then  the  case  of  So  = 1 -corresponds  with 

P(  a l and 


ft  \ **• 


while 


Hence  d-  — 
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and  neglecting  second  order  quantities 
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Also 
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(1. 113) 
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Therefore  (X 


Uo 


or 


(1.U5) 


This  relation  may  be  compared  with  equation  (1,^9)  for  the  case  of  con- 
stant specific  heat,  that  is 
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2C U | 
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It  is  seen  from  equation  (1. 115)  that  the  particle  velocity  ( u3  ) in  state 
(3)  would  be  increased  as  a result  of  the  de-excitation  of  the  rotational 
degrees  of  freedom  due  to  the  decrease  in  temperature. 


In  reference  (9)  it  is  shown  that  Cv  for  hydrogen,  between 
190°K  and  300°K,  may  be  represented  empirically  by 


G 


1 - «-(?. - T ) 


where  CvG 

oc 


10. 1 erg^gm 

9.31x10”®  degree”^ 


T0  = 300°K 


(l.  116) 
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Cv  is  of  the  form  used  in  equations  (1.92)  and  (1.102).  It  is  shown  that 
in  this  temperature  range  the  variation  in  U3  and  P34  = ps/p^  is  quite 
small.  For  example,  at  T3  = 190°K,  U3  - 1.315  mmy^  secyp3/p^  - 

.2077  (constant  Cv)t  P3/p4  - .2177  (variable  Cv).  Thus  for  equal  pres- 
sure ratios  across  the  rarefaction  wave  the  particle  velocity  with 
variable  specific  heat  is  greater,  as  predicted  by  equation  (1.115). 

It  should  be  noted  that  a value  of  P34  = .2  for  the  case  Air /Air 
is  achieved  with  a low  diaphragm  pressure  ratio  (about  17)  and  the  varia- 
tion due  >to  -specific  heat  will  be  small.  However,  for  shock  tube  work  a 
diaphragrh  pressure  ratio  (P4|)  of  10,  000  can  easily  be  attained.  In  this 
case  P34  = .0017,  P21  s 17  and  T3  3 . 16  x 300°K  = 48°K  which  is  below 
the  boiling  point  of  nitrogen  and  oxygen.  This  will  lead  to  the  condensa- 
tion of  these  constituents  of  air  (reference  27),  and  the  error  in -assuming 
constant  specific  heat  for  large  expansion  waves  can  no  longer  be  neg- 
; acted.  1 

^b)  Flow  Through  a Shock  Front  with  Variable  Specific  Heat 


In  section  1.02  it  was  shown  that  the  following,  relations  apply 
across  a shock  front. 
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(1- 1-7) 
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(l.  118) 
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where 

C 1 

nr 

1 

aQ 

(l.  120) 

The  first  two  are  the  mechanical  or  dynamic  shock  equations  and  the  last 
one  is  the  energy  or  thermodynamic  equation,  which  may  be  written  in 
the  following  alternative  form. 


At.  + O'?  = £ 1 (1.121) 

' f % 2. 
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--  (Mf 
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7?  73  7?  * ' 


where 
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The  subscripts  denote  the  main  components  of  the  internal  energy  content 
of  a gas  per  gram,  that  is 

1)  the  kinetic  energy  of  translation  of -a  molecule  (t) 

2)  the  energy  of  molecular  rotation  (r) 

3)  the  energy  of  molecular  vibration  (v) 

4)  the  energy  of  electronic  excitation  (e ) 

5)  the  energy  of  molecular  dissociation  into  atomic  groups  (d) 

6)  the  energy  of  ionization  (i)„ 

The  inclusion  of  the  term  l in  /2>  simplifies  the  energy  equation  (l.  119) 
due  to  the  appearance  of  the  pressure  energy  term  p/p,  and  equation 
(1,121)  follows  as  a consequence. 

The  above  equations  may  be  combined  and  the  following 
solution  results 


^ = /3V  ±J - faa-Qc* 

0(3  - i 


(1. 122) 


If  V and  C are  real  and  positive  then  >.  a,  (that  is  the  flow  is  super- 

sonic on  the  low  pressure  side  of  the  shock)  and  /UT  < Cl,  (subsonic 
on  the  high  pressure  side  of  the  shock). 

If  Q ?z.  J3  , then  aT+  = AT,  and 

(1. 123) 


or 


AT,  = 


ft 


•fi5-1)# 


This  is  obtained  by  substitution  for  V and  C,  and  it  follows  that 


/1^/lT x = (X  « 


(1. 124 


which  is  the  Prandtl  form  of  the  energy  equation  for  constant  specific 
heat. 


The  difficulty  arises  from  the  fact  that  for  a real  gas  (Z 
is  not  constant  but  a monotonically  increasing  function  of  the  tempera- 
ture, Thus  equation  (1,122)  must  be  solved  for  /3  at  the  given 
temperature.' 
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This  problem  is  analysed  in  detail  in  reference  36.  The  con- 
tributions to  the  internal  energy  ( (b  - 1)  term  may  be  described  briefly 
as  follows. 

The  translational  energy  = i'RT  , if  no 

dissociation  is  present  (otherwise  p/p  — where  is 

the  degree  of  dissociation).  This  is  true  for  any  gas. 

The  rotational  energy  is  zero  for  monatomic  gases, 

X (ij.R'r)  for  all  diatomic  gases  (except  hydrogen),  X (^"RT)  for 
all  Linear  polyatomic  molecules  (e.  g.  (COa),  and  3 for  all 

other  polyatomic  molecules. 


The  vibrational  energy  may  be  approximated  (when  the  tem- 
peratures are  not  excessive)  by  resolving  the  vibration  into  normal  modes 


and  treating  each  mode  as  an  harmonic  oscillator.  Diatomic  gases  have  one 
normal  mode.  Linear  polyatomic  gases  have  3H  - 5 modes  (where  n = num- 
ber of  atoms  on  a straight  line,  e.g.  C02  has  4 normal  modes).  Other  poly- 
atomic gases  have  3 ft  - 6 normal  modes.  The  vibrational  energy  per  gram 
per  mode  is  ^ = RTeL,' 

where  £ - 

KT  " 1,438  T 

V 

vibrational  frequency  in  waves  per  cm. (wave 
numbers) 

r * 

temperature  0 K 

h = 

Planck's  constant 

k - 

Boltzmann's  constant 

The  frequencies  are  obtained  from  spectrographic  analysis  of 
band  spectra  (e„  g.  )JnK  = 2345,  -•  1570,  - 667,  667,  1336 

2350).  It  is  seen  that  for  low  temperature  z'  is-  large  and  o 

At  high  temperatures  — **  RT  per  mode,  a value  which  is  attained  very 

slowly.  At  high  temperatures  the  vibrations  cannot  be  regarded  as  harmon- 
ic, and  an  interaction  occurs  between  the  rotational  and  the  vibrational 
modes.  These  effects  increase  the  vibrational  energy  (e.g.  N2  at  5000°K 
has  an  6^-  - . 753  RT  whereas  the  harmonic  oscillator  gives  an 
6«r  = .669  RT).  For  air  ^ is  about  3%  effective  at  800°K  and  about 

50%  effective  at  5000°K. 


The  electronic  excitation  becomes  of  significance  beyond 
5000°K,  and  is  usually  small  by  comparison  with  vibration  and  disso- 
ciation energies. 

The  dissociation  energy  becomes  important  above  2000-3000°K 
when  kT  <C  T>/f^  per  molecule,  where  T)  is  the  dissociation  energy 
in  calories  per  mole<  . For  a dissociated  gas,  the  equation  of  state  has 
the  form  P/p  — T^~T  (l  + where  = degree  of  dissociation, 
which  varies  as  the  temperature  and  inversely  as  the  pressure. 

The  ionization  energy  becomes  important  at  temperatures 
above  5000°K  when  kT  l/fK  per  molecule,  where  I is  the  ioniza- 
tion energy  in  calories  per  mole  0 . . The  equation  of  state  then  has  the 

form  f=/f>  — ( 1 + oc  + &)]RT  where  ©<  = degree  of  dissociation, 

and  S = degree  of  ionization.  Since  ionization  takos  place  at  extremely 
high  temperatures  it  may  be  neglected  by  comparison,  with  the  other  ener- 
gies considered  in  the  present  case. 

The  values  of  c*  t ^3  and  e/??T  as  a function  of  tempera- 
ture for- air  are  given  in  table  5 (see  reference  36)  and  plotted  on  figure 
28.  They  were  calculated  by  using  the  following  composition  of  air  by 
volume. 


N2 

= ’’8.05% 

02 

= . 2 1.  00  % 

Rire  guises 

= 0*92  % 

C02 

= 0. 03  % 

According  to  reference  36  the  energy  constant  (3  of  nitrogen  and 
oxygen  at  temperatures  from  300°  dpwn  to  the  liquefaction  tempera- 
ture remains  almost  unchanged.  Hence  the  flow  through  a rarefac- 
tion wave  in  air  will  only  be  slightly  affected  up  to  the  condensation 
temperature. 

t 

Qualitatively,  the  transition  through  a strong  shock  front 
may  be  discussed  as  follows.  Immediately  at  the  shock  front,  the 
temperature  jumps  suddenly  to  a high  value.  This  is  due  to  the  fact 
that  the  active  degrees  of  freedom,  translation  and  rotation  are  ex- 
cited almost  instantaneously  in  the  distance  of  a few  mean  free  paths 
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(X  ) ( Xfc  and  Xr  35  10" 5 cm  at  N.T.P.,  they  are  independent  of  the 
temperature  to  a first  approximation  and  vary  inversely  as  the  pressure). 
It  may  therefore  be  assumed  that  this  initial  jump  will  be  given  by  the 
Rankine-Hugoniot  relations  which  are  based  on  the  active  degrees  of  free- 
dom. Equation  (1,121)  then  becomes 


ait  + jf_a.  = aii  + -JLfL 
2.  T s-1  a.  r-i  r, 


and  0 = •&-  =x  for  diatomic  and  polyatomic  linear  molecules. 

In  case  of  carbon  dioxide  ^ s ia3  at  room  tempterature  and  the  vibra- 
tional energy  is  already  partially  excited.  Thus  the  initial  jump  across 
the  shock  is  predicted  by  the  Rankine-Hugoniot  conditions  for  diatomic 
and  polyatomic  linear  molecules  by  using  -1.4  or.  p =7A  . After 

this  initial  jump  thermal  equilibrium  will  be  reached  in  an  exponential 
form  during  the  relaxation  period  when  energy  is  transferred  from  the 
active  to  the  inert  degrees  of  freedom,  (vibration,  dissociation,  electronic 
excitation,  ionization)  which  are  then  excited.  This  stage  is  marked  by  a. 
decrease  in  the  temperature  and  it  takes  place  in  longer  times  a,nd  at  a 
greater  distance  ( Ay  for  oxygen  & 1 cm  at  N.T.P.  or  ICT^  cm  at 
5000°K  at  an  eightfold  Increase  in  density,  X.  for  oxygen  10Z  cm  at 
2500°K  and  1.0"^  cm  at  50Q0°K.  At  a given  temperature  these  mean  free 
paths  vary  inversely  as  the  pressure.  The  relaxation  times  for  vibrational 
equilibrium  for  oxygen  is  about  100  sec  at  N.T.P.  and  10-*-  sec  at 
5000°K;  for  dissociation  it  is  about  100 yasec  at  5000°K)„  At  the  tem- 
peratures reached  in  normal  shock  tube  work  the  vibrational  degree  is  the 
most  important  one  to  consider.  The  value  of  for  air  when  thermal 

equilibrium  is  reached  at  a given  temperature  is  found  from  table  5. 

These  values  will  now  be  called 
only  for  the  active  degrees. 


^9*  , as  distinct  from  (3  employed 


Equations  (1.117)  to  (1.121)  may  be  reconsidered  now  in  the 
following  way.  The  equations  of  continuity  and  motion.  (1. 117  and  1.118) 
are  unaffected  by  changes  m the  thermodynamic  states.  The  energy  equa- 
tion (1.121) -is  assumed  to  be  valid  behind  the  shock  front  where  /3*  has 
reached  its  equilibrium  value  corresponding  to  a given  temperature.  This 
assumption  is  valid  in  the  absence  of  dissociation  when  the  equation  of 
state  is  still  given  by  p « pTKT  . , that  is  only  the  vibrational  degree  is 
excited.  For  most  of  the  experiments  conducted  in  a shock  tube  this  is 
a reasonable  assumption  due  to  the  very  short  duration  of  the  steady 
state  flows  and  the  long  relaxation  times  for  dissociation  at  low  density. 
The  energy  equation  becomes  then 


(1. 125) 


r 

(r) 

P 

c/. 

K •+*) 

= e 
vx 

300 

3.483 

3.483 

400 

3.494 

3.  494 

500 

3.507 

3.507 

600 

3.527 

3.527 

700 

3.552 

3.552 

800 

3.  580 

3.580 

900 

3.6  13 

. 3.6  13 

1,000 

3.  647 

3.647 

1,250 

3.  727 

3.  727 

1,  500 

3.805 

3.805 

1,  750 

3.869 

3.869 

2,  000 

3.  924 

0. 0000 

3.924 

2,  500 

4.023 

0.0004 

4.024- 

3,  000 

4.  133 

0.0030 

4.  145 

3,  5*00 

4.307 

0.0  121 

4.359 

4,  000 

4.562 

0.0331 

4.713 

4,500 

4,875 

0.0687 

5.2  11 

5,000 


5.227 


0.  1058 


5.  780 


Tempe  rature 
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The  continuity  and  momentum  equations  remain  unchanged  as 


- P,*r. 

(1.126) 

(1. 127) 

From  table  5 it  may  be  seen  that  the  equilibrium  value-of  the  energy 
constant  /3  is  completely  determined  by  the  temperature  or  that 
Te  = T (/3)9  However  by  combining  equations  (l.  125} (l.  126) and ^l. 127) 
equation  (1.  122)  results,  which  shows  that  AT*  may  be  uniquely  de- 
termined as  a function  of  ^3*  since  V and  C are  determined  by  the 
initial  conditions  pp  f}  , AT,  , and  (also  AT*  is  subsonic  on 

the  high  pressure  side  of  the  shock  front).  By  combining  equations 
(1.126)  and  (1.127) 


(1. 128) 


Therefore  t r can  be  determined  from  A T z . Thus  the  shock  wave 
theory  shows  that  T * Is  a given  function  of  /3  which  is  denoted  by 
~Q  ((3).  It  is  possible  to  determine  the  temperature  T*.  and  the 
energy  constant  (3  * by  solving  the  equation 


Te(P)  * 71  (?) 


(1.129) 


This  equation  has  only  one  solution  for  on  the  high  pressure  side 

of  the  shock  wave  for  which  aT£  is  less  than  the  speed  of  sound.  This 
follows  from  the  fact  that  Ts  0®>  decreases  with. increasing  ft  over 
almost  the  entire  range  of  (Z  , whereas  Te  (fl)  increases  monotoni- 
cally  with  (Z  (see  table  5),  or  S-  <&  . Therefore 

/3*  , T*  and  the  other  flow  quantities  p*  , p*  , rf  are 

uniquely  determined  from  the  initial  conditions  on -the  low  pressure  side 
of  the  shock  front.  Thus  the  physical  flow  quantities  on  the  high  pres- 
sure side  at  a sufficient  distance  from  the  shock  front,  are  independent 
of  the  intervening  processes  which  establish  the  equilibrium  between 
the  active  and  inert  degree  of  freedom  and  give  rise  to  the  energy  con- 
stant ^3*  . 
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For  convenience  in  the  calculation  of  the  flow  quantities  in  the 
high  pressure  state  (2*)  behind  the  shock  flow  from  the  initial  conditions 
in  the  state  (l)  in  front  of  the  shock  front,  Ti  and  are  assumed  as  given 
and  VJ  and  Vi*  are  calculated.  The  values  of  at  the  given  tempera- 
tures are  taken  from  table  5.  Equations  (1.  125,  -.1.126  and  1.127)  are  re- 
arranged for  ease  in  calculating  and  V2*  from  the  following  two  equa- 
tions 


ar,(ti’C-h~RTZ'j  = nrf(*r?  + KT,) 

zfcnrt  + trf- 


nr,  — -^2.  0T*  — a/lTj*  where  ey  - JHh— 
or?  o o fir* 


■ From  (i.  13  ) 

„r„  _ in(PiT* 

1 r- 1 

(1. 13  2 

From  (l.  130) 

_ n(T,-fT!) 

(1.133) 

f hf  ruort 

t-  % = b ¥ 

<1.  134) 

v here 

(1. 135} 

and  from  (i.  1.32) 

(1.136) 

w -i 

It  should  be  noted  that  the  above  relations  have  been  developed  by  as- 
suming that  the  degree  of  dissociation  <=c  is  small  enough  to  be 
neglected  or  the  temperature  is  not  sufficiently  high  to  cause  dissocia- 
tion; that  is,  the  equation  of  state  p = ^RT~applies. 


The  flow  quantities  on  the  high  pressure  side  of  the  shock 
wave  as  given  in  table  6 are  listed  in  reference  36. and  plotted  on 
figures  2 9 to  32.  The  values  of  V2*  and  /Vj  are  determined  from  equa- 
tions (1.134)  to  (1.136)  by  using  different  T 2*  and  the  corresponding 
{3*  from  table  5.  T^  is  taken  as  300°K  and  fa,  as. 3. 483,  The 
values  of  pg*  and  are  obtained  from  equations  (1.126)  and  (1.127). 

The  above  quantities  apply  at  a sufficient  distance  from  the  shock  front 
when  vibrational  equilibrium  is  attained.  Immediately  at  the  wave 
front  the  Rankine-Hugoniot  conditions  are  valid  and  the  flow  quantities 
are  calculated  on  the  basis  that  A ~/3,  * 3.483,  from  equations 

(1.  122,  1.126  and  1.12  7).  These  values  are  identical  with  those  plotted 
on  figures  19  and  21. 

/ 

An  examination  of  the  flow  quantities  with  constant  and 
variable  specific  heats  shows  that  there  is  reasonable  agreement  for 
shock  wave  Mach  numbers  up  to  3.  Beyond  this  value  the  divergence 
becomes  more  pronounced  as  the  wave  Mach  number  increases,  that 
is  P*  > fx  > ^r*  <ATX  , or  LL*  >dx  > Pi  > px  and 

T*  < Tx  . Thus  the  shock  wave  consists  of  aii -almost  discontinu- 
ous short  front  where  the  flow  quantities  jump  to  the  values  determined 
from  the  active  degrees  of  freedom,  followed  by  a longer  region  where 
the  inert  degrees  of  freedom  reach  their  equilibrium,  and  the  values 
denoted  by  ( ) are  then  reached  exponentially  (see  reference  36).  The 
greatest  changes  are  encountered  in  f*  . r*  and  f\fi  ; and 

the  least  in  p*  . Even  at  a shock  pressure  ratio  of  100,  which 

could  be  obtained  in  a shock  tube  by  using  I^/Air  or  He/ Air,  the  dif- 
ference from  the  Rankine-Hugoniot  value  is  only  about  6 percent. 

The  profiles  of  the -physical  quantities  at  the  shock  front  are  shown 
qualitatively  in  figure  33. 


For  convenience  in  shock  tube  work  it  is  better  to  change 
the  frame  of  reference  to  one  in  which  the  air  in  front  of  the  shock  is 
at  rest.  With  this  change  ( V*  f)  becomes  the  Mach  number  of  the 
shock  wave  referred  to  the  air  at  rest  as  it  progresses  down  the  tube, 
and  (jjJ*  ■»  '*r>  or  Uzi  ™ is  the  particle  velocity, 

with  variable  or  constant  specific  heat  respectively,  behind  the  shock 
wave  referred  to  the  speed  of  sound  of  the  rest  state. 
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TABLE  6 


Flow  Quantities  on  the  High  Pressure  Side  of  Shock  Waves  in  Air  with 
Constant  Specific  Heat  (2)  and  Temperature  Dependent  Specific  Heat  (2*). 


wn 

U21 

% 

U21 

111 

n* 
1 21 

t2  °k 

T|°] 

1 

K *21 

p2*i 

1.523 

0.723 

0.  725 

1.  904 

1.907 

400 

400 

2.53 

2.54 

1.  984 

1.235 

1.238 

2.647 

2.  659 

501 

500 

4.42 

4.43 

2.  377 

1.630 

1.640 

3. 189 

3.225 

604 

600 

6.41 

6.45 

2.725 

1.  966 

1.981 

3.591 

3.663 

709 

700 

8.49 

8.55 

3.  041 

2.262 

2.284 

3.904 

4.015 

816 

800 

10.62 

10.  71 

3.331 

2.528 

2.559 

4. 146 

4,314 

925 

900 

12.77 

12.94 

3.  611 

2.  780 

2.816 

4.346 

4.540 

1036 

1000 

15.01 

15.23 

4.235 

3.335 

3.400 

4.706 

5.069 

1320 

1250 

20.72 

21.12 

4.  797 

3.827 

3.  917 

4.945 

5.454 

1616 

1500 

26.66 

27.27 

5.307 

4.266 

4.384 

5.  098 

5.746 

1925 

1750 

32.70 

33.52 

5.778 

4.675 

4.812 

5.236 

5.978 

2222 

2000 

38.75 

39.85 

6.  643 

5.415 

5.598 

5.409 

6.359 

2848 

2500 

51.4 

53.0 

7.453 

6. 103 

6.338 

5.521 

6.685 

3510 

3000 

64.6 

67.0 

8.315 

6.834 

7. 148 

5.615 

7.  122 

4300 

3500 

80.5 

84.  1 

9.  297 

7.664 

8.089 

5.691 

7.697 

5300 

4000 

100.6 

106.0 

10,410 

8.601 

9. 169 

5.754 

8.385 

6570 

4500 

126.2 

134.4 

11.595 

9.598 

10.326 

5.804 

9.136 

8030 

5000 

155.6 

168.4 
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Rankine-Hugoniot  value  (active  degrees) 
Equilibrium  value  (active  and  inert  degrees) 
Shock  thickness  due  to  active  degrees 
2 = Shock  thickness  due  to  inert  degrees 

FIGURE  33 

REPRESENTATION  OF  TRANSITION  THROUGH  A STRONG 
SHOCK  FRONT. 


(80) 


It  is  possible  now  to  determine  a modified  relation  between 
the  diaphragm  pressure  ratio  and  the  shock  pressure  ratio  based  on  the 
results  from  variable  specific  heat  considerations.  It  is  assumed  that 
the  flow  velocity  and  the  pressure  are  continuous  across  the  contact  sur- 
face. Therefore  the  velocity  produced  by  the  rarefaction  wave  must  be 
equal  to  the  flow  velocity  behind  the  shock  wave,  that  is  from  equation 
(l.  115) 


and  the  pressure  ratio  across  the  rarefaction  wave  Vfv  = P34  now  can 
be  determined.  For  a given  wave  Mach  number  ^r'/d,  s W'^«  ^ = P2J* 
is  known  and  the  diaphragm  pressure  ratio  P^  = is  similar  to 

equation  (1.  61),  except  that  the  variable  specific  heat  pressure  ratio  P21* 
is  used  instead  of  the  Rankine-Hugoniot  value,  and  the  function  <£>  is 
used  in  the  determination  of  P34. 

These  relations  are  shown  in  figure  34  for  Air/Air  (the  func- 
tion was  taken  as  1 in  lieu  of  accurate  data  for  air  at  very  low  tem- 
peratures). It  is  seen  that  the  wave  speed  with  variable  specific  heat  for 
a given  diaphragm  pressure  ratio,  is  less  than  the  Rankine-Hugoniot  value 
However,  the  difference  is  small,  and  even  at  a diaphragm  pressure  ratio 
of  10,  000  the  wave  speed  is  only  about  one  percent  slower  than  the  Rankine 
Hugoniot  value.  Thus  from  practical  considerations  for  the  case  Air/Air 
the  variation  of  the  shock  flow  quantities  due  to  deviations  from  thermal 
equilibrium  are  negligible.  However,  when  He/Air  and  ^/Air  a-re  used 
at  a pressure  ratio  of  10,  000  very  high  wave  speeds  are  developed  and  the 
effects  of  a variable  specific  heat  must  be  taken  into  account.  In  that 
case,  for  a given  large  diaphragm  pressure  ratio,  the  shock  speed  will 
start  out  with  the  value  obtained  from  the  Rankine-Hugoniot  conditions  and 
slow  down  during  the  relaxation  period  to  the  value  predicted  by  the  var- 
iable specific  heat  theory  when  the  inert  degrees  have  reached  equilibrium 
(in  about  50 >u  sec  at  5000°K).  The  contact  surface  velocity  will  be 
initially  less  than  the  equilibrium  va.lue  by  the  same  argument,  and  as  a 
result  the  tail  of  the  rarefaction  wave  will  adjust  itself  during  the  relaxa- 
tion period  from  a lower  to  a higher  speed.  In  reality  this  idealized 
picture  does  not  materialize  due  to  the  complex  flow  at  the  origin.  The 
conditions  across  strong  shock  waves,  however,  as  discussed  above,  do 
apply  (references  9 and  16). 
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II.  WAVE  INTERACTIONS 

In  the  previous  sections  the  chamber  and  the  channel  were 
assumed  to  be  of  infinite  length.  In  actual  shock  tube  work  the  chamber 
and  the  channel  are  of  finite  length  with  open  or  closed  ends.  As  a result, 
after  a short  time  (milli  seconds,  depending  on  the  channel  length)  the  flow 
in  a shock  tube  becomes  quite  complex  due  to  the  ensuing  wave  interactions. 

When  the  diaphragm  in  a shock  tube  is  ruptured,  the  shock  wave 
proceeds  along  the  channel  and  if  it  strikes  a closed  end  it  undergoes  nor- 
mal reflection  in  a non-linear  manner.  If  the  channel  is  open,  then  when 
the  flow  behind  the  shock  wave  is  subsonic  M«j,<  l,  theoretically,  a rare- 
faction wave  is~reflected  back  into  the  channel.  Actually,  due  to  the  com- 
plex three-dimensional  flow  that  takes  place  a shock  wave  is  also  reflected 
back  into  the  channel.  (Real  flows  at  open  chamber  and  channels  will  be 
discussed  in  Sect-ion  5).  When  the  flow  behind  the  shock  wave  is  super- 
sonic M2  ^ 1,  then  theoretically  a rarefaction  wave  cannot  be  reflected 

back  from  the  open  end  of  the  channel. 

In  case  of  the  rarefaction  wave  which  is -propagated  into  the 
chamber,  if  it  encounters  a closed  end,  then  it  undergoes  normal  reflec- 
tion as  a rarefaction  wave;  if  it  strikes  an  open  chamber,  then  theoreti- 
cally a reflected  shock  wave  enters  the  chamber.  Again,  owing  to  the 
three-dimensional  effects  this  is  modified  somewhat  for  a real  flow  (Bee 
SectionS). 


Eventually,  the  reflected  waves  will  interact  with  the  con- 
tact surface  and  with  each  other  and  will  give  rise  to  a very  complex 
flow  pattern  in  the  shock  tube.  As  a result  the  reflected  waves  will  de- 
termine the  duration  of  the  steady  state  flows  in  regions  (3)  and  (2),  and 
control  the  selection  of  the  theoretical  lengths  of  the  chamber  and  channel 
of  a finite  shock  tube  for  aerodynamic  testing.  Some  of  these  interactions 
now  will  be  considered  in  detail,  assuming  that  X is  constant.  It  should 
be  noted  that  the  final  states  resulting  from  these  interactions  can  be  pre- 
dicted from  the  (p,  u)-plane  solutions  as  outlined  in  section  1.03. 


2.01  Normal  Reflection  of  a Shock  Wave 


Figure  35  shows  a simple  shock  tube  with  both  ends  closed 
and  the  resulting  normal  reflection  of  the  rarefaction  wave  at  the  end  of 
the  chamber  and  the  normal  reflection  of  the  shock  wave  at  the  end  of  the 
channel.  From  equation  (1.63),  the  particle  velocity  behind  the  incident 
shock  wave  is 


/ 
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1 l-l 

f* 


(2.1) 


The  boundary  condition  at  the  closed  end  of  the  channel  is  that  the  par- 
ticle velocity  after  the  head-on  reflection  must  be  zero.  If  this  condi- 
tion is  to  be  satisfied  then  the  particle  velocity  behind  the  reflected 
shock  wave  travelling  into  a gas  at  rest  must  be  equal  to  the  particle 
velocity  behind  the  incident  shock  wave  also  entering  a gas  at  rest. 
Hence, 


Uf  (2.2) 

UaAu  (2-3) 


NORMAL  REFLECTION  OF  A SHOCK  WAVE  AND  RARE- 
FACTION WAVE. 
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or 


-p  _ / 

or- 


7~si.  ~ I 

[A(*.  Hi  + i)]Vx 


Jxi  (°^<  +~  ~Pl^) 

I + «Ji, 


(2.5) 


and 


oc , t 2 - ~Rx 

1+  «lT?a, 


(2.6) 


Equation  (2.  6)  gives  the  variation  of  the  pressure  ratio  across  the  re- 
flected shock  wave  in  terms  of  the  pressure  ratio  across  the  incident 
shock  wave.  It  is  seen  that  for  an  incideht  Mach  wave  P21  = 1 and 
Pyx  = 1.  When  the  incident  shock  wave  P2r*fco  > then  P53l^  oc,  + 2. 
Thus  for  air,  assuming  a constant  * 1. 40,  the  strongest  possible 

reflected  wave  P*x  " 8 (the  limitations  on  the  value  of  P21  as  outlined  in 
table  2 should  be  noted). 

The  excess  pressure  ratio  is  defined  as 

fr  -ft  = | -f-  0 + *0  (2.7) 

fa.  - h + ot 


For  a Mach  wave  P2i~*'  ^ and  the  excess  pressure  ratio  2,  which  is 

the  acoustic  result  for  sonic  reflection.  If  P21  -*■  00  , then  the  excess 
pressure  ratio  — ► PyA  — ► 8,  as  for  (2.6). 

The  density  ratio  ( Psi  ) and  the  temperature  ratio  T52  ) are 
obtained  from  equations  (1.70)  and  (1.72) 


I ~h  °tiTjra 

oc,  + 7^ 


(2.8) 


Tsz(°<i  + Tsa.)  (2.9) 

I * • ^5Jt 

Thus,  these  ratios  for  1 $ P52  5 8 are  identical  with  the  values  given 
for  1 S P2i  ^ 8 on  figure  21. 
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VARIATIONS  OF  THE  FLOW  PARAMETERS 
BEHIND  A NORMAL  REFLECTED  SHOCK 
WITH  THE  INCIDENT  SHOCK  WAVE  MACH 
NUMBER  (W„) 
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oo  and 


■52 


— 8, 


The  limiting  values  of  the  above  ratios  when  P 
for  air  (assuming  constant  specific  heat)  are 


3.500 


2.  286 


The  variation  of  these  flow  parameters  with  the  initial  shock  wave  Mach 
number  (W-q)  is  shown  on  Figure  36. 

The  ratio  of  the  incident  shock  wave  speed  (W^)  to  the  reflected 
shock  wave  speed  (W21)  may.be  determined  in  a similar  manner.  The  inci- 
dent wave  speed, 

, (1-73) 

f - w,  = [ft  0 + <*■  Rdf 


The  reflected  wave  speed,  if  the  gas  in  state  (2)  were  at  rest  would  be 
given  by 


a/a 

a* 


From  this  the  particle  velocity  ^/CL,  must  be  subtracted  to  obtain  the 


absolute  velocity 


W, 


21 


Thus 


(jJ 1 


, which  is  directed  along  the  negative  x-axis. 


\^j  | — O/a.  - Ui  ^2  ^a 


'211 


■-U y*  — ^ = 1a/  <2 101 

a,  Oi  cc,  a,  -W*  (2’10) 


or 


Wtl  =[^0+o<-Ra) 


I + °<i  F21 


F21  ~ I 


i [mR,+0] 


T (2.H) 
2 


Substituting  for  P52  from  (2.6) 
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then  W21  = 


"Bifc-1)  + ! 
X,  [A  («.?„+ 1)] 


'/% 


or 


\J  = (2.12) 

W*'  [farfafa+ik)]*- 


and 


Wai  _ (V,  ~ l)  + I 


Wit  Xtfi  + /) 


or 


Vv/11  _ it  + (oti  -/)  T/a. 

Wii 


(2.13) 


Wii 

For  weak  shock  waves  P2^  — 1 and  1. 

For  infinitely  strong  shock  waves  P2I  — ► 00  and 


Wa.i 

Wit 


oC, 


(2.14) 


For  air  with  constant  specific  heat,  = 1.  40,  °^i  = 6 and 

Vva./ 


W/i 


The  reflected  shock  wave  has  a speed  equal  to  the  incident  wave  when 
they  are  both  Mach  waves  (sound  waves).  The  speed  of  the  reflected 
wave  then  decreases  as  the  incident  wave  strength  increases  until  it 
reaches  the  value  of  one-third  the  incident  wave  velocity  as  P21-*" 


For  the  case  of  Air/ Air  with  E14  = 1 


/W*A 


= , 351,  which  - 


is  the  minimum  value  of  the  wave  speed  ratio,  and  W21  = *351  x 6.16  = 
2.16. 


It  is  of  interest  to  note  that  in  case  of  normal  reflection 
the  ratios  P52,  [~sz  > T52  and  remain  finite  when  P21-*-  00  . 

W 11 

These  may  be  compared  with  the  equivalent  ratios  in  table  2,  for  the 
incident  shock  wave.  A typical  (x,  t)-plane  schlieren  photograph  of  a 
normal  reflected  shock  wave  in  shown  on  plate  2. 


NORMAL  REFLECTION,  REFRACTION  AND 
PROGRESSION  OF  A SHOCK  WAVE  THROUGH  THE  COLD 
REGION  BEHIND  THE  CONTACT 
SURFACE. 

PLATE  2. 


{ S'3'» 


When  variable  specific  heat  is  considered  then  equation  (2*  U) 
is  no  i driver  applicable*  The  shock:  velocity  is  found  in  a step- by-step 
manner  as  outlined  in  section  UOo*  For  a given,  incident  shock  speed, 
the  equj  ibriuffi  values  of  the  flow  parameters  are  found  from  equations 
ii„:34;  to  C *1.3-6)  or  from  figures  2S  to  .32.,.  These  flow  quantities  are  now 
considered  as  the  initial  conditions  for  the  reflected  shock  wave..  Sev- 
eral final  temperatures  dess  than  the  Ranking -Eugomofe  values-)  are 
chosen  for  state  (5)  behind;  the  reflected  shock  wave  and  equations  (L«  134) 
to  f'*  66,  ate  utilized  again,,.  The  boundary  condition  tfret  the  particle 
velocity  in  state  *5)  be  zero,  then  is  applied,  to  the  trials  for  a.  solution. 
The  results-  for  air,  without  dissociation,  appear  on  Figure  3®, 

2c 02  Norma!  Reflection  of  a Rarefaction  Wave 


The  rarefaction  wave  which  is  formed  when  the  diaphragm  is 
ruptured-  travels  along  the  chamber  and  undergoes  normal  reflection,  at 
the  cioeed-  end'  (see  figure  35), 


It  is  shown  in  reference  32,  that  a steady  state  (6)  is  theo- 
retical ,y  possible  behind  the  reflected  rarefaction  wave  if  the  initial 
diaphragm  pressure  ratio  produces  a rarefaction  wave  such  that  the 
speed  of  the  tail  of  the  wave  ^ 26L*  for  a diatomic  gas  and 

4 h*.  for  a monatomic  gas.  At  the  limiting  value  of  , 

a.  total  vacuum  is  produced  in  state  (£  ) and  p^  = o. 

The  physical  quantities  in  state  (6)  behind  the  reflected 
rarefaction,  wave  may  be  determined  from  the  following  considerations. 

For  a:  backward  facing  rarefaction  wave  from  equation  (1.  26) 


2dj  20.*. 

u>  + ITT  = u*  + <2a5> 

Similarly  for  a forward  lacing  rarefaction  wave  . 

U4  - - U,  ~ — a*  - (2.16) 

The  boundary  conditions  are  that  initially  = o,  and  finally 
U*  « o behind  the  reflected  rarefaction  wave.  Subtraction  of  the 
above  two  equations  yields 


+ CL 3 

Y^~i 


(90) 

2. 


(2.17) 


or 


but 


Therefore 


Similarly 


(2.18) 

(1.30) 

(2.19) 

(2.20) 
(2.21) 


Thus  the  flow  quantities  in  state  ((,)  may  be  determined  from  the 
known  pressure  ratio  ( ) across  the  incident  rarefaction 
wave.  Also  from  equations  (2J5)  and  (2.16), 


or 


(2.22) 


(2.23) 


(2.24) 


(2.25) 


(2. ,26) 


(91) 


The  above  relations  give  the  flow  parameters  in  state  (6)  as  a function 
of  the  known  Mach  number  in  state  (3).  It  was  noted  above  that  in  case 
of  Air/Air  a steady  state  region  (6)  is  still  possibLe  for  a rarefaction 
wave  which  has  a tail  with  a characteristic  slope  of  ^ = 2 0-^.  In  this 


case  it  takes  an  infinite  time  for  thB  state  to  form  and  the  pressure  jf^=  0, 
i.e,„  a complete  vacuum  results.  This  limiting  value  may  be  achieved 
(equation  2.19)  when  Pg^  = (y)7  = .00781,  or  from  equation  (2.24)  when 
M3  = 5.  This  occurs  at  a diaphragm  pressure  ratio  T£,  = 1620  when  the 
shock  pressure  ratio  P21  = 12.63  for  the  case  Air/Air,  ^ = 1.40,  at 
Epj  = 1.  ' The  values  of  the  flow  quantities  in  state  (6)  are  plotted  on 
figure  37.  The  dimensionless  time  ( T4  ) of  formation  of  the  steady  state 
( 6 ) is  given  in  reference  (38)'  for  the  case  of  a monatomic  gas  in  the 
chamber  as. 


L 


< - +_  3J& 

(2TW/r  - l)3 


and  for 

Z 


a diatomic  gas  in  the  chamber 


_ a,  £4 

1 ^ (,TS?\ 

(i-T?;*) 

1 

1 

(215.*  -iy  1 

(w*  - 1 ) 

r 

(2.28) 


where  L = chamber  length 

tg  = time  state  (6)  forms  from  instant  the  diaphragm  is  ruptured. 
For  example,  case  Air/Air,  with  7%,  - 10.  5 and  P2],  = 2.  90,  the  tail  of  the 
rarefaction  wave  has  a slope  -4?-=  0 and,  M3  = 1.  If  fl  4 = 1130  f.  p.s. 
(22°C)  and'L  = 1 ft.,  then  tg  - 3.82  milliseconds;  for  7*/  = 100,  P21  = 

6.35,  tg  = 71.1  milliseconds.  The  variation  of  with  P..  for  the  com- 
binations He/Air,  A/Air  and  Air/Air  is  shown  on  Figure  38. 

The  duration^of^state  (6)  will  be  governed  by  the  reflection 
of  the  reflected  rarefaction Awave  from  the  contact  surface,  or  in  the  case 
of  a short  channel  by  the  reflected  shock  wave,  and  must  be  determined 
for  a given  experiment  when  state  (6)  is  to  be  investigated(s£6  T19.  4 0). 

A typical  normal  reflection  of  a rarefaction  wave  appears 

on  plate  3. 


2.03  Interaction  of  a Shock  Wave  and  a Contact  Surface. 


When  the  incident  shock  wave  undergoes  normal  reflection 
at  the  end  of  the  channel,  it  eventually  interacts  with  the  contact  surface' 
as  shown  on  figure  39,  plate  4 and  plate  5. 
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p4l  « 10 


Pi  = 100  mm.  Hg.  (Air) 


P4  = 1000  mm.  Hg.  (He) 


P2i  * 4.60  Wn  = 2.02 

PLATE  5. 

THE  REFRACTION  OF  A SHOCK  WAVE  AT  AN  AIR  //  He 
CONTACT  FRONT  PRODUCED  BY  BREAKING  THE  DIAPHRAGM. 
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FIGURE  39 

INTERACTION  OF  A SHOCK  WAVE  AND  A CONTACT  SURFACE. 


The  resulting  refraction  produces  a transmitted  shock 
wave  and  a reflected  rarefaction  wave  if 


or  a reflected  shock  wave  if 

+ 'Hz 


+■  7£r 
+ Us- 


(2.29) 


(2.30) 


In  the  case  of  Air/ Air,  oc , = oc^  > &3X  = 1,  and  since  I 

a shock  wave  is  always  reflected  back.  The  problem  has  been  treated 
in  detail  theoretically  a.nd  experimentally  in  references  11  and  12.  The 
problem  of  shock  wave  refraction  when  extended  to  a finite  layer  of  gas 
results  in  an  overall  absorption  or  attenuation  of  the  incident  shock  wave 
pressure  ratio,  if  the  initial  states  are  at  room  temperature.  This  case 
is  illustrated  on  plate  6,  for  Air//He,//Air,  where  the  artificial  microfilm 
contact  surfaces  are  stationary,  and  will  be  discussed  in  section  5. 


1 


(99) 

2.04  Interaction  of  a Rarefaction  Wave  and  a Contact  Surface 


The  interaction  of  a rarefaction  wave  and  a contact  surface 
in  a shock  tube  is  shown  in  figure  40,  and  is  produced  by  the  initial 
rarefaction  wave  reflecting  from  the  end  of  the  chamber.  The  resulting 
refraction  gives  rise  to  a transmitted  rarefaction  wave  and  a reflected 
rarefaction  wave  if 


E43 


4 


A 


■njK 


A. 


i-n 


iZ 


I ~ 


iZ 


or  a transmitted  rarefaction  wave  and  a reflected  shock  wave 
(compression  wave)  if 


1 - Tit* 
I -T»‘ 


3. 


(2.31) 


(2.32) 


The  energy  ratio  is  given  by 


r-  - fc»rI 


In  the  case  of  Air/Air  or  H2/N2,  ft,  - Q j */  and  since 


INTERACTION  OF  A RAREFACTION  WAVE  AND  A CONTACT  SURFACE 


/ 
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E„„>  1,  a compression  wave  which  forms  a shock  wave  is  always  reflec- 
ted back  from  the  contact  surface.  To  verify  this  type  of  interaction  a 
method  analogous  to  plate  6 can  be  utilized  by  using  the  simpler  case  of 
stationary  contact  surfaces,  and  this  is  illustrated  for  an  actual  case  on 
plate  7.  This  interaction  will  be  investigated  at  the  Institute  of  Aero- 
physics  at  a later  date. 

Other  basic  wave  interactions  can  also  be  studied  in  a shock 
tube  (or  wave  interaction  tube)  with  two  chambers  and  a channel  or  two 
channels  and  a chamber  (references  8 and  16).  The  most  important  of 
these  interactions  are: 

a)  The  head-on  collision  of  two  shock  waves  (the  normal  reflection  of  a 
shock  wave  from  a rigid  wall  is  obtained  from  the  symmetric  case  of  this 
interaction  when  the  two  waves  are  of  equal  strength. ) An  excellent  account 
of  the  theoretical  and  experimental  treatment  of  this  problem  appears  in 
reference  16. 

b)  The  head-on  collision  of  a shock  wave  and  a rarefaction  wave.  The 
theoretical  a.nd  experimental  results  are  also  given  in  reference  16. 

c)  The  overtaking  of  two  similarly- facing  shock  waves  (reference  40). 

This  problem  is  difficult  to  set  up  in  a shock  tube  and  has  recently  been 
substantiated  experimentally  at  the  Institute  of  Aerophysics  (see  plate  37). 

d)  The  head-on  collision  of  two  rarefaction  waves  (the  normal  reflection 
of  a rarefaction  wave  from  .a  rigid  wall  is  obtained  from  the  symmetric 
case  of  this  interaction  when  the  two  waves  are  of  equal  strength).  A 
complete  analytical  solution  for  a diatomic  and  monatomic  gas  is  given 
in  reference  38.  So  far.,  this  problem  has  not  been  studied  in  a systema- 
tic manner. 

e)  The  interaction  of  a shock  wave  and  a wire  screen.  This  will  be 
discussed  in  section  5. 


2.05.  Theoretical  Requirements  for  the  Chamber  and  Channel  Lengths 

of  a Shock  Tube. 


The  theoretical  results  of  the  previous  interactions  can  be 
applied  to  determine  the  best  combinations  of  chamber  and  channel 
lengths  of  a shock  tube  for  the  investigation  of  wave  interactions  or  the 
steady  state  regions  (6),  (3),  (2)  and  (5).  In  order  to  accomplish  this 
it  is  necessary  to  determine  the  following  positions  on  the  (x,  t)- plane 
or,  what  is  equivalent,  the  (X'tr  )~plane  (figure  41), 


PLATE  7. 

THE  REFRACTION  OF  A RAREFACTION  WAVE  AT  A LAYER  OF  HELIUM. 

CASE  Air  | He  J Air 
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POINTS  IN  THE  ( X,  °C  )~PLANE  WHERE  THE  HEAD  OF  THE  REFLECTED 
RAREFACTION  WAVE  OVERTAKES  THE  TAIL  OF  THE  INCIDENT  RAREj 
FACTION  WAVE  ( ),  THE  CONTACT  SURFACE  ( Xt,*Ct  )>  AND 

THE  SHOCK  WAVE  ( Xi  *Ct  ).  f 

a)  Point  ( ) where  the  steady  state  region  (6) 

forms  behind  the  reflected  rarefaction  wave. 

b)  Point  ( X3  cZT3  ) where  the  head  of  the  reflected  rarefac- 
tion wave  overtakes  the  tail  of  the  incident  rarefaction  wave. 

c)  Point  ( Xc  . ^ ) where  the  head  of  the  reflected  rarefac- 
tion wave  overtakes  the  contact  surface. 

d)  Point  ( Xs  ) where  the  head  of  the  reflected 
rarefaction  ^ave  overtakes  the  shock  wave. 

e)  Point  ( Xf  ^Cf)  where  the  steady  state  region  (5) 
forms  behind  the  reflected  shock  wave. 

The  point  ( X6j  cCt ) is  given  by  ( -1,  ).  The  value  of  t^as  a function 

of  the  diaphragm  pressure  ratio  is  shown  on  figure  38  for  different 
gas  combinations. 


4 


. The  relations  which  determine  the  points  ( X3,eJy  )>  ( Xc.,^  )> 
and  ( X*,  er(^i  ) are  developed  in  detail  in  reference  35,  from  which  the 


following  equations  are  quoted, 

X3=  (2.32) 

^<3  — ^3^  - (2.  33) 

Xc  = 2K  - ')('  ^ (2.  34) 

Tc  = I2-35) 

X3  * Wnh'+Ts  (2-36) 

O-  = (2.37) 

s Uii  +■  A a,i  - W/i 


where  Wjq,  A21  and  are  given  by  equations  (1.  73),  (1.72)  and  (1.63) 
respectively  and  A 14  is  defined  as  for  equation  (1.64).  The  above  values 
are  plotted  on  figures  42  to  45  for  different  gas  combinations  against  the 
diaphragm  pressure  ratio  (P41)  for  T14  = 1»  i.e.,  the  initial  tempera- 

tures in  the  chamber  and  channel  are  equal. 

It  is  interesting  to  note  that  the  position  where  the  head  of  the 
reflected  rarefaction  wave  will  overtake  the  shock  wave  has  a minimum 
value  at  a low  diaphragm  pressure  ratio,  which  in  the  case  of  Air/Air, 
p41«  4 and  for  He/Air,  P4J  5.  For  a chamber  length  of  one  foot,  the 

minimum  channel  length  occurs  for  Air/ Air  at  about  15  ft.  and  for  He/Air 
at  4 feet.  For  diaphragm  pressure  ratios  approaching  one  or  infinity  the 
overtaking  process  theoretically  takes  place  at  an  infinite  distance.  If 
shock  wave  studies  are  conducted  at  the  lower  diaphragm  pressure  ratios, 
they  should  be  made  before  the  overtaking  process  takes  place  in  order  to 
prevent  shock  wave  decay. 

It  may  be  seen  from  figure  46  that  the  maximum  flow  duration 
for  the  uniform  state  (3)  occurs  at  X3  for  all  diaphragm  pressure 
ratios  (P41)  for  which  M3  > 1.  If  M3  < 1,  then  the  maximum  occurs  at 
X = 0.  Similarly  the  maximum  A^a.  for  region  (2)  occurs  at  Xc.  These 
values  may  be  obtained  from  figures  42  to  45.  If  aerodynamic  testing  is 
to  be  done  in  regions  (3)  or  (2)  then  the  maximum  testing  time,  for  a set 


( 104) 


VARIATION  OF  X3  Xc  Xs  WITH  THE  PRESSURE  RATIO  P41 
ACROSS  THE  DIAPHRAGM  FOR  AIR/AIR.  T14  = 1 OR  E3.4  = 1 


it 


( 106) 


VARIATION  OF  CC^J  ^ WITH  THE  PRESSURE  RATIO 

P41  ACROSS  THE  DIAPHRAGM  FOR  AIR/AIR  T14  = 1 or  E14  * 1. 
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VARIATION  OF  ^ WITH  THE  PRESSURE  RATIO 

P41  ACROSS  THE  DIAPHRAGM  FOR  HE/AIR  T14  - 1. 


FIGURE  46 


POINTS  OF  MAXIMUM  FLOW  DURATIOI 
AND  X FOR  REGIONS  (3)  AND  (2)  RESP1 
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of  initial,  conditions,  is  obtained  by  placing  the  model  at  X3  and  Xc  respec- 
tively. In  order  to  eliminate  the  possibility  of  the  reflected  shock  wave 
decreasing  the  maximum  flow  duration  A^Ta.  for  region  (2),  the  channel 
should  be  of  a length  (X5),  such  that  the  reflected  shock  wave  meets  the 
head  of  the  reflected  rarefaction  wave  at  the  contact  surface,  i.e.,  the 
point  (Xc,  Zc)-  The  length  X5  may  be  determined  as  follow^  The  dimen- 
sionless time  ( CCZ)  it  takes  for  the  shock  wave  to  hit  the  end  of  the  tube, 
reflect  and  interact  with  the  contact  surface,,  follows  at  once  from  geome- 
trical considerations: 


X5  + X5  - Xc 
W11  A14  W2i  A 14 


(2.  38) 


Solving  for  Xg,  one  obtains  the  required  channel  length. 

r./w  +-  & <2-39> 

-L  + _i_ 

V/t  Wn 


where  and  W21  are  the  absolute  magnitudes  of  the  incident  and  re- 

flected  shock  speeds  as  given  by  equations  (1.73)  and  (2.  11).  Again, 
is  given  by  equation  (2.  35). 

In  order  to  avoid  excessive  channel  lengths  when  region  (3)  is 
under  investigation  it  is  sufficient  to  use  a length  Xg,  suclj  that  the  reflected 
shock  wave  strikes  the  contact  surface  when  the  head  of  the  reflected  rare- 
faction wave  overtakes  the  tail  of  the  incident  wave,  i.e.,  the  time  . 
This  practical  simplication  elimenates  the  necessity  of  solving  the  complex 
shock-contact  surface  interaction.  Since  from  equation  (2.  35)  *2Tca  * 

therefore 

X2  ='  -£X5  (2.40) 

The  variation  of  X^  with  the  diaphragm  pressure  ratio  (P41) 
is  plotted  on  figure  47.  It  is  seen  that  X5  is  only  slightly  greater  than  Xc, 
for  the  higher  daphragm  pressure  ratios  (figures  42  to  45),  because  the 
reflected  shock  speed  (W21)  decreases  as  increases.  If  the  channel 

length  is  increased  beyond  that  required  for  maximum  and  AT*.  , 

then  these  values  are  unaffected;  if  they  are  decreased,  the  testing  time 
is  reduced  by  the  wave  interactions. 
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FIGURE  47 


VARIATION  OF  Xg  AND  X'  WITH  THE  PRESSURE  RATIO  (P41) 
ACROSS  THE  DIAPHRAGM  FOR  DIFFERENT  GAS  COMBINATIONS. 


III.  PRODUCTION  OF  STRONG  SHOCK  WAVES 


In  section  2 it  was  shown  that  to  produce  strong  shock  waves  it  was 
necessary  that  «o  and  E14  — 0.  In  practice  the  above  ratios  are 

governed  by  the  experimental  conditions.  The  magnitude  of  is  limited 
by  the  structural  strength  of  the  chamber;  p^  is  limited  to  about  0.  5 mm. 
Hg.,  when  the  schlieren  astern  is  at  its  flow  response  limit.  The  energy 
ratio  E^4  can  be  reduced  quite  easily  by  using  gas  combinations  such  as 
H2/A  or  ^/SFg.  Any  further  reduction  may  be  achieved  by  heating  the  gas  . 
in  the  chamber  and  cooling  the  gas  in  the  channel.  If  this  is  done  by  exter- 
nal or  internal  means  (flame,  electric  elements,  refrigeration  devices)  the 
simple  shock  tube  soon  becomes  a complex  piece  of  apparatus  and  these 
methods  cannot  be  recommended. 

However,  it  is  possible  to  heat  the  gas  in  the  chamber  by  three  very 
convenient  methods,  which  may  be  used  in  conjunction  with  high  pressure 
ratios  and  effective  gas  combinations  to  produce  strong  shock  waves. 

(1)  The  gas  in  the  camber  can  be  used  in  conjunction  with  other  gases 
to  produce  a combustible  mixture,  which  is  ignited  by  means  of  a glow  plug. 
At  high  pressures  (400  p.  s.i.)  this  can  be  accomplished  by  just  rupturing 
the  diaphragm,  and  no  other  ignition  is  required.  Combinations  such  as  one 
mole  of  oxygen  to  six  of  hydrogen  ora  stoichiometric  mixture  of  oxygen  and 
hydrogen  diluted  with  80  per  cent  helium  produce  a sizeable  gain  in  shock 
Mach  number  (Mach  numbers  up  to  17  have  been  produced  at  Cornell  Aero- 
nautical Laboratories  in  this  manner),  without  undue  modification  of  the  exis- 
ting shock  tube  (reference  29). 

(2)  The  gas  in  the  chamber  can  be  heated  rapidly  to  a high  temperature 
by  passing  a high  voltage  discharge  directly  through  it.  This  method  has 
proven  to  be  simple  and  successful,  and  shock  wave  Mach  numbers  Wjq>  30, 
have  already  been  produced  (references  29  and  47). 

(3)  The  gas  in  the  chamber  can  be  quickly  heated  by  passing  a very 
high  current  through  fine  copper  wires  stretched  between  two  elements  m 
the  chamber.  The  wires  are  burned  in  the  process.  This  method  may  be 
very  useful  when  used  in  conjunction  with  method  (1)  in  order  to  avoid  de- 
tonation. The  vaporized  wire  may,  however,  reduce  the  internal  energy 
somewhat. 

In  combination  with  the  above  methods  it  is  possible  to  obtain  even 
stronger  shock  waves  for  a given  set  of  initial  conditions  across  the  dia- 
phragm by  using  shock  tubes  of  varying  cross-sections  (see  reference  37 
where  this  problem  was  first  advanced  and  treated  in  detail).  The  modifi- 
cation of  the  simple  shock  tube  to  produce  stronger  shock  waves  consists 
basically  in  using  a chamber  of  larger  cross-sectional  area  (A4)  than  the 
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caramel  (Aj)  as  shown  in  figure  48,  As  in  the  simple  shock  tube,  the 
origin  or  the  plane  of  the  diaphragm,  represents  a serious  discontinuity, 
where  shock  wave  diffraction,  vortices  and  three-dimensional  effects 
'>uld  be  present,  but  this  would  tend  to  be  smoothed  out  after  a short 
i.’xae  interval.  As  a result,  a cylindrical  chamber  may  be  used  advan- 
tageously with  a channel  of  square  or  rectangular  cross-section.  It 
would  be  helpful  to  flare  the  channel  section  at  the  diaphragm  in  order 
tr  achieve  the  change  in  cross-section  in  a gradual  manner,  and  thereby 
r / fe.ee  discontinuous  changes  in  the  flow  at  the  origin.  This  type  of 
mock  tube  has  already  been  used  at  Cornell  University  and  Cornell 
“^nautical  Laboratory  , However,  the  basic  experimental  data  has 
'■  been  reported  to  date. 

The  increase  in  shock  strength  is  obtained  from  an  additional  . 
dimensional  steady  subsonic  expansion  in  the  plane  of  the  diaphragm 
icr*  converts  thermal  energy  into  kinetic  energy. 

If  the  initial  conditions  are  such  that  behind  the  contact  surface 
then  sonic  velocity  (designated  by  (*}  ) is  reached  at  the  dia- 
■'  / ~ -ugm  ( oz  =s  0),  (figure  48).  Under  these  conditions  M5  is  given  by  the 
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FIGURE  48 

FLOW  IN  A SHOCK  TUBE  WITH  A LARGE  CHAMBER 
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one- dimensional  steady  flow  equation 

_ At L [a  Hk.  ,3 

A*  A,  " Mr  l (*+0  J 1 • * 

and  Mg  - 0 when  ->■  do  ; when  = Ap  p^  = Pg. 

The  pressure  ratio  for  a rarefaction  wave  (Rj)  which  accelerates  the  gas'; 
from  rest  to  M5  is  given  by  the  unsteady  flow  equation  (see  section  1) 

y = fl  <3-2> 


O — ^ 

= (1  * *rVs) 


(3.2) 


Further  acceleration  to  reach  .sonic  velocity  in  A^  requires  a pressure 
ratio  given  ty  the  steady  flow  relations 


- (1 + 


or  {V  — f A*--* 

7*  \JL  + (v-i)M}  J 

where  p^  is  the  conserved  stagnation  pressure. 
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Finally,  to  reach  M3  > 1,  a second  rarefaction  wave  (R2)  is  required  such 
that 


±2  = (2  +■ (V-Ottsp7 

p3  v J 

Thus  when  Mg  > l is  given  for  a known  tube  geometry  A4  and  Ap 
the  overall  pressure  ratio  across  the  rarefaction  waves  is  given  by 

P _ K fr  P* 


(3.4.) 


P = ry  Pr  P " 

,*3  fs  P« 


(3.5) 


It  will  be  noted  when  — ► 00  , Mg-*-  0,  P45  -*-l  and  the  first 

rarefaction  wave  disappears  and 
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U = ^r)'"  (f  M,y 


(3.6) 


Similarly,  to  obtain  the  particle  velocity  u,  then  from  the  first  rarefaction 
wave. 

Or  _ I (3.7) 

a * 'Arts 


For  the  steady  expansion  from  A4  to  Aj 


■ (gf  - HSr25) 


(3.8) 


For  the  second  rarefaction  wave 

Cl* 
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Hence  the  particle  velocity  U3  (contact  surface  velocity)  is  given  by 


or 


when 
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Us 
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Cl  if 

H* 
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For  the  subsonic  case  Mg<  1,  the  pressure  ratio  across  the 
fust  rarefaction  wave  (R-y  is  given  by 


y- 


-I 


-fe-  0 

The  second  rarefaction  wave  (R^)  is  no  longer  required,  and  since  the 
stagnation  .pressure  p^  is  conserved,  is  obtained  from  M5  and  Mg 
■-s  'lig  the  steady  ft ow  relations 


/v  __  h>_  p*_  _ 

P3  K * 

d M is  gven  by  the  area  ratio 

cJ 


(x-l)M  3 
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The  overall  pressure  ratio  P43  >.s  obtained  from 

•p  _ Ph  /=r 

Tv  ^ 


When 
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0 and 


P43  - (1  + *=!  ay"1 


in  a similar  manner,  the  particle  velocity  Ug  may  be  determined. 
For  the  rarefaction  wave  (Rj), 
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From  the  one -dimensional  steady  continuity  equation. 
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It  is  interesting  to  note  that  for  Mg  ^ 1,  and  constant  CLi#. 
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Thus  the  pressure  ratio  (P^)fcra  given  M3  increases  with  increasing  area  ratio 
and  the  particle  velocity  increases  slightly,  hence  stronger  shocks  are  pro- 
duced, or  conversely  for  the  same  strength  shock  a lower  diaphragm  pressure 
ratio  is- necessary.  When  M3<1,  the  above  ratios  depend  on  Mg„  The  varir 
ation  of  the  shock  pressure  ratio  P21  with  the  diaphragm  pressure  ratio 

for  the  simple  shock  tube  (A 4 = Aj)  and  for  the  modified  shock  tube' £^4/ A 4 
is  shown  on  figure  49?  The  variable  geometry  tube  also  has  the  added 
advantage  in  that  it  takes  longer  for  the  reflected  rarefaction  wave  to  overtake 
the  shock  wave.  Conversely,  a slightly  porter  chamber  may  be  used  for  a 
variable  geometry  tube  than  for  the  simple  shock ’tube  in  order  to  reach  the 
same  flow  duration  Atg,  in  the  steady  state  region  behind  the  contact  surface. 


In  addition  to  the  increase  in  shock  strength  gained  by  using  a tube  with 
a large  chamber  area,  it  is  possible  to  get  a further  increase  by  Combining 
this  technique  with  several  diaphragms  in  steps  (figure  50).  If  4*- is  very  large, 

r*  I . , , 

it  may  be  assumed  that  the  initial  shock  wave  S3  undergoes  normal  reflection 
when  it  strikes  the  second  diaphragm  and  M.y.s  0.  The  rest  of  the  problem 
is  similar  to  variable  geometry  shock  tube  treated  above.  For  example,' 
using  the  initial  conditions  shown  in  Figure  50,  the  final  shock  wave  Mach 
number  = 3-9  with  two  diaphragms.  If  the  First  diaphragm  (Di)  is 
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FIGURE  49 
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omitted  and  using  the  sam6  overall  pressure  ratio  of  10^  across  the  dia- 
phragm D2>  then  = 3-3  . The  gain  in  shock  Mach  number  in  this 

case  is  due  to  the  decrease  in  the  internal  energy  ratio  E^.as  compared 
with  when  diaphragm  Dj  is  not  utilized,  A complete  experimental 

verification  of  these  methods  is  still  lacking* 

Of  cburse,  all  of  the  above  methods  may  be  combined,  i,  e.  by 
using  the  gas  discharge  method  with  a favourable  gas  combination  (He/ Air) 
or  (H^/Nq)  at  high  initial  pressure  ratios  and  a tube  of  variable  geometry, 
in  order  to  produce  very  strong  shock  waves  (say  ~ 50), 

The  effects  ot  strong  shock  waves  on  the  thermal  equilibrium  of  air 
have  already  been  considered  in  section  1,  where  it  was  shown  that  disso- 
ciation, electronic  excitation  and  ionization  can  take,  place  for  shocks  of 
high  Mach  number. 

In  reference  29,  it  is  reported  that  in  the  case  of  a very  strong  shock 
wave  travelling  in  argon  the  shock  front  itself  becomes  highly  luminous. 

From  the  previous  discussion  on  the  shock  front  with  variable  specific  heat, 
it  was  indicated  that  the  front  consists  initially  of  a very  steep  portion  in 
which  the  Rankine-Hugoinot  temperature  is  achieved  in  a few  mean  free 
paths,  followed  by  a secondary  region  in  which  thermal  equilibrium  is 
reached  in  all  states.  In  view  of  the  few  collisions  taking  place  at  the  initial 
portion  of  the  front,  it  does  not  appear  theoretically  possible  for  ionization 
and  the  resulting  luminesence  to  take  place.  Nevertheless,  the  temperature 
at  the  initial  portion  of  the  shock  front  is  greatest  and  may  account  for  the 
observed  luminesence  in  some  manner.  This  phenomenon  is  not  understood 
as  yet.  The  same  effects  were  observed  for  H2,  He,  Ne,  N2  and  A in  refer- 
ence 47,  by  using  a pulsed  gas  discharge  tube. 


A STEP  TYPE  SHOCK  TUBE  UTILIZING  A LARGE 
AREA  CHAMBER  AND  TWO  DIAPHRAGMS  . 


\ 


In  addition,  the  shock  front  as  well  as  the  high  temperature  region 
up  to  and  including  the  contact  region  was  found  to  be  a highly  conducting 
gas.  Spectra  of  the  hot  region  behind  the  shock  front  indicate  strong  lines 
due  to  calcium,  sodium  and  iron  impurities  (in  the  form  of  dust  particles 
in  the  argon,  of  infinitesimal  concentration).  These  elements  would  re- 
quire much  lower  ionization  potentials.  The  Stark  effect  in  hydrogen  lines 
was  also  noted.  For  very  strong  shocks  the  entire  background  of  the  spec- 
trum becomes  very  intense  and  approaches  a black  body  radiation. 

From  the  above  it  has  been  amply  demonstrated  that  the  shock  tube 
can  also  be  utilized  for  the  study  of  magneto- hydrodynamics,  and  may 
very  well  become  a powerful  instrument  for  the  study  of  non- equilibrium 
phenomena  in  basic  physics*  This  could  lead  to  some  new  developments 
in  the  understanding  of  the  kinetic  theory  of  gases  and  molecular  structure. 
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IV.  DESIGN  AND  CONSTRUCTION  CRITERIA  FOR  SHOCK  TUBES 


4,01.  Shock  Tubes  in  General 


The  literature  on  shock  tubes  has  become  so  extensive  in  the 
past  five  years  (reference  1 to  29),  that  it  would  be  a rather  lengthy  task 
to  review  all  the  applications  of  the  shock  tube  and  the  resulting  design 
and  construction  criteria.  Instead  some  general  remarks  will  be  made 
which  are  applicable  to  all  shock  tubes,  and  a particular  application  will 
be  discussed  in  section  4.  02. 

The  type  of  shock  tube  to  be  used  is  mainly  determined  by 
the  funds  available  and  the  type  of  problem  to  be  investigated.  If  shock 
waves,  rarefaction  waves  and  contact  surfaces  are  studied,  then  a simple 
cylindrical  metal  tube  plus  an  optical  system  is  quite  adequate  (references 
2,  8 and  23).  If  magneto-hydrodynamic  effects  produced  by  strong  shock 
waves  are  investigated,  then  a cylindric  al  metal  chamber  and  a glass 
channel  is  sufficient  (reference  29).  If  flow  studies  over  models  are  con- 
ducted in  the  steady  state  regions  separated  by  the  contact  surface,  it  is 
necessary  to  use  a square  or  rectangular  metal  tube,  which  will  accom- 
modate observation  windows  for  the  optical  systems  and  will  readily 
permit  the  installation  of  aerodynamic  models  , piezo-gauges  and  hot 
wire  anemometers.  The  magnitude  of  thte  cross-sectional  area  will 
depend  on  the  size  of  model  to  be  tested  or  the  Reynolds  number  to  be 
attained  in  the  shock  tube.  The  wall  thickness  of  the  tube  will  be  deter- 
mined by  the  maximum  pressure  in  the  chamber.  Welded  structures 
should  be  avoided  due  to  the  resulting  distortions.  A combination  of 
high  pressure  and  large  cross-section  will  result  in  a heavy  shock  tube 
and  may  require  hydraulic  or  other  means  for  moving  the  various  sections. 
It  is  convenient  to  have  a chamber  of  two  or  three  feet  and  a channel 
composed  of  several  sections  of  two  to  eight  feet.  The  channel  sections 
should  be  interchangeable  and  easily  .aligned  by  means  of  dowel  pins  so 
that  they  may  be  used  in  combinations,  as  req  uired  by  a particular 
experiment. 


The  viewing  windows  can  be  installed  in  one  or  two  sections. 
These  may  be  coupled  with  the  remaining  channel  sections  to  give  an  obser- 
vation window  located  at  a desired  distance  from  the  diaphragm  and  will 
thus  give  a predetermined  flow  duration.  The  windows  may  be  of  standard 
plate  glass  for  shadowgraph  and  schlieren  observations.  It  is  important 
that  the  windows  be  selected  and  ins  tailed  in  a manner  which  will  give 
uniform  refraction  due  to  the  slightly  wedged  surfaces  that  are  always 
present  in  this  type  of  glass.  If  the  wedge  surfaces  are  not  uniform  in  a 
given  window,  they  should  be  discarded  and  monotonic  wedge  windows 
installed  and  matched  until  uniform  schlieren  illumination  is  obtained 
over  the  entire  field.  For  interferometric  work  the  windows  should  be 
plane  and  parallel  optical  flats.  The  windows  may  be  installed  with  Woods 
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metal,  rubber  gaskets  or  recently  developed  plastic  glass-to-metal  bonding 
cement  (for  example,  Hysol  cement)  to  give  a flush  and  vacuum  tight  instal- 
lation. 


The  most  satisfactory  diaphragm  materials  are  red- zip  cellophane 
and  cellulose  acetate  for  low  pressure  work  and  copper  and  aluminum  sheets  for 
high  pressure  work.  The  red- zip  cellophane  has  the  best  rupturing  properties 
and  leaves  the  smallest  obstruction  at  the  diaphragm  cross-section.  Unfor- 
tunately this  material  is  not  available  in  a range  of  thicknesses  and  must  be 
used  in  several  layers  for  higher  pressure  differences  across  the  diaphragm. 
This  gives  rise  to  a small  variation  in  the  time  it  takes  for  all  the  diaphragms 
to  rupture  and  results  in  an  overlapping  of  several  wave  systems  at  the  origin. 
This  matter  is  discussed  in  more  detail  in  Section  5.0£> 

The  pressure  differential  at  which  a diaphragm  will- rupture  de- 
pends on  the  material,  cross-sectional  shape  and  area,  as  well  as  on  the 
gasket  material  used  to  hold  the  diaphragm.  If  metal  diaphragms  are  used, 
gaskets  are  not  necessary  and  the  sharp  edges  of  the  channel  section  should 
be  rounded  to  avoid  cutting.  If  cellophane  is  used,  then  rubber  gaskets  are 
bonded  to  the  tube  sections  with  pliobond  or  Armstrong  cement.  The  gaskets 
should  have  enlarged  cross-sections  so  that  when  the  tube  sections  are  fastened 
together,  the  gasket  does  not  squeeze  into  the  tube  and  cause  a discontinuity 
at  the  origin. 

Shadowgraph,  schlieren  and  interferometric  methods:  have  now 
become  standard  equipment  for  shock  tube  investigations  (references  8,  22, 

27  and  28).  The  twin  mirror,  single  pass,  horizontal  or  vertical  symmetri- 
cally offset  schlieren  astern  is  most  useful.  First  surface  paraboloidal  mir- 
rors corrected  to  a quarter  wave  length  of  aperature  F6  to  F10  are  necessary 
for  good  schlieren  resolution.  The  type  of  light  sources,  continuous  or  spark, 
are  described  in  the  above  references. 

Initial  conditions  in  a shock  tube  are  obtained  by  measuring  the 
pressure  in  the  chamber  by  using  mercury  manometers  or  Heise  type  bourdon 
gauges,  and  in  the  chamber  by  using  mercury  or  butyl  phthalate  manometers; 
McLeod,  ionization  and  Pirani  gauges  or  Wallace  and  Tiernan  absolute  pressure 
gauges.  The  temperature  of  the  gases  in  the  chamber  and  channel  is  generally 
room  temperature.  When  gas  at  high  pressure  is  admitted  into  the  chamber,  it 
should  be  allowed  to  reach  thermal  equilibrium  (in  about  a minute)  before  the 
diaphragm  is  ruptured.  'Commercial  cylinders  of  compressed  gas  (air.  A,  He, 
CC>2>  H-2,  O^)  are  easily  available  and  they  have  the  advantage  of  a very 

low  dew  point  (about  minus  40°  C,  or  lower),  which  eliminates  extraneous 
effects  due  to  water  condensation. 

Final  conditions  in  the  shock  tube  are  obtained  by  measuring  the 
shock  wave  velocity  (Wj^)  continuously  (references  2 and  8)  or  by  measuring 
the  time  interval  for  the  shock  wave  to  travel  over  a given  base  (two  accurately 
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measured  points  --  see  reference  2 7 which  contains  an  excellent  summary 
of  these  methods).  By  utilizing  the  theoretical  relations  of  section  1,  the 
flow  parameters  can  be  determined.  In  addition,  pressure  profiles  can  be 
measured  by  using  piezo-electric  transducers  (references  15,  17,  20  and 
27),  temperature  profiles  may  be  obtained  with  hot  wire  anemometers 
(reference  49),  and  flow  Mach  numbers  are  determined  from  shock  angles 
over  conical  or  wedge  models.  When  strong  shock  waves  (Wj^~  10)  are 
studied,  the  wave  front  itself  becomes  luminescent  and  its  velocity  may  be 
self-recorded  on  a drum  camera  without  the  use  of  a shadowgraph  or 
schlieren  system  (references  43  and  44). 

To-date  the  wave  speed  results  along  with  interferometric  den- 
sity distributions  and  Mach  number  measurements  havb  supplied  the  means 
of  verifying  the  shock  tube  theory.  Piezo- gauge  datja  and  anemometry  re- 
sults have  been  confined,  so  far,  to  weak  shock  waves.  Light  scattering 
techniques  have  also  been  employed  to  give  a measure  of  the  degree  of 
liquefaction  in  the  cold  region  (3)  behind  the  contact. surface  (reference  27). 


4.  02  3 inch  x 3 inch  Wave  Interaction  Tube. 


The  schlieren  (x,  t)-plane  photographs,  which  are  used  to 
illustrate  the  various  one- dimensional  flow  problems  in  this  report,  were 
obtained  with  the  3 inch  x 3 inch  wave  interaction  tube  and  the  wave  speed 
camera.  The  work  described  in  reference  8 was  done  with  a cylindrical 
tube  of  one- inch  internal  diameter.  The  rest  of  the  ancillary  equipment 
is  common  to  both  reports  and  is  described  in  detail  in  the  above  reference. 
Although  the  one-inch  diameter  tube  had  certain  desirable  design  and  con- 
struction features,  it  was  necessary  to  change  to  the  3 inch  x 3 inch  tube 
for  the  following  reasons: 

a)  The  lucite  windows  gave  poor  photographic  results  due  to 
the  longitudinal  striations  on  the  (x,  t)-plane  schlieren  photographs. 

b)  It  was  not  possible  to  use  tourmaline  piezo-gauges  with  the 
curved  walls. 

c)  The  high  voltage  spark  gaps  were  erratic  in  operation  at 
low  pressure  and  were,  therefore,  unreliable  as  consistent  diaphragm 
breakers.  They  also  protruded  into  the  tube  and  caused  flow  interference. 

d)  The  method  of  coupling  the  various  sections  was  slow  and 
laborious,  especially  when  changing  diaphragms.  The  threaded  type  of 
couplings  made  it  extremely  difficult,  if  not  impossible,  to  study  the 
shock  tube  problem  at  the  origin,  absorption  of  a shock  wave  by  a layer 
of  gas  or  other  complex  wave  interactions. 


/ 
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The  manner  in  which  these  disadvantages  were  overcome  will  be 
described  now  in  detail.  The  present  wave  interaction  tube  has  been  con- 
structed - with  a great  deal  of  care  in  design,  and  accuracy  in  machining  and 
assembly.  It  has  already  proved  to  be  a very  versatile  tube,  which  is  simple 
to  operate,  and  has  yielded  very  satisfactory  experimental  results. 

The  tube  consists  of  a number  of  sections  or  compartments  all 
of  the  same  cross-sectional  area  but  of  different  lengths.  The  basic  tube 
consists  of  four  12-inch  sections,  five  24-inch  sections  and  a 30-inch  test 
section.  These  sections  may  be  coupled  together  to  give  any  tube  length 
desired.  The  30-inch  test  section  is  fitted  with  , glass  windows  26"  long 
and  1"  wide  for  viewing  the  flow  phenomena.  An  over- all  view  of  the  tube 
is  shown  in  plate  8. 

Each  compartment  consists  of  two  side  plates  and  two  channels 
which,  when  assembled,  form  a square  cross-section  with  dimensions  3 
in.  x 3 in.  These  dimensions  were  held  to  a tolerance  of  + .001  inch.  The 
wall  thickness  of  plates  and  channels  is  0.5".  Ground  and  hardened  dowels 
are  used  to  ensure  correct  alignment  of  the  plates  and  channels.  Dowels 
are  also  'used  in  the  end  faces  of  each  chamber  so  that  the  sections  will  be 
perfectly  aligned  whem  joined  together.  This  method  reduces  the  step  be- 
tween the  sections  to  less  than  .0005".  A typical  tube  section  illustrating 
the  above  features  is  shown  on  figure  51. 

The  sides  of  each  section  are  sealed  by  means  of  lead  seals  be- 
tween the  side  plates  and  top  and  bottom  channels.  In  order  to  obtain  vacuum- 
tight  joints  when  the  tube  sections  are  assembled,  "O"  rings  are  used  in  the 
dowelled  end  of  each  compartment.  Vacuum  and  pressure  outlets,  piezo- 
gauge and  diaphragm  breaker  stations  are  situated  in  the  top  and  sides  of  the 
tube,  and  these  outlets  are  also  sealed  by  means  of  "O"  rings.;  By  this  means 
of  sealing  the  complete  tube  may  be  evacuated  to  very  low  pressures  (0.4  mm. 
Hg.  absolute,  or  less). 

The  windows  used  in  the  tube  are  ground  from  "water  white" 
glass.  Since  commercial  plate  glass  is  not  of  constant  thickness,  the  sets 
of  windows  were  matched  in  a schlieren  beam  until  uniform  illumination  was 
achieved  over  a desired  length.  The  windows  were  cut  from  this  portion,  and 
ground  to  the  shape  shown  on  figure  51.  The  windows  are  retained  in  the 
grooves  by  means  of  "Woods  Metal",  and  a steel  frame  which  is  separated 
from  the  window  itself  by  an  1/ 8 inch  rubber  gasket.  This  combination  holds 
the  window  rigidly  in  place  under  both  vacuum  and  pressure,  and  also  provides 
an  excellent  seal. 
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AN  OVER  - ALL  VIEW 

OF  THE  WAVE  INTERACTION  TUBE  AND  ANCILLARY  EQUIPMENT 
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CONSTRUCTION  DETAILS  OF  3 INCH  x 3 INCH  WAVE  INTERACTION  TUBE 

> 
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The  sections  are  joined  together  by  means  of  ordinary  hexa- 
gonal head  bolts  and  heavy  right-angle  brackets.  The  sections  can  be 
assembled  on  the  stand  to  give  any  tube  length  required.  Four  pairs  of 
"Vise-Grip"  pliers  are  used  to  clamp  the  chamber  and  channel  at  the  dia- 
phragm station.  Rubber  gaskets  are  used  to  retain  the  cellophane  dia- 
phragms, and  this  combination  gives  very  good  sealing,  plus  a rapid 
means  of  changing  the  diaphragms.  The  clamps  are  clearly  visible  on 
plate  9,  along  with  the  diaphragm  breaker  itself. 

The  flow  is  initiated  by  rupturing  the  diaphragm  by  means 
of  a solenoid- operated  mechanical  plunger.  The  power  for  the  breaker 
is  supplied  by  a 6-volt  automobile  battery.  A cross-sectional  view  of 
this  diaphragm  breaker  is  shown  in  figure  52.  Two  of  these  breakers 
are  available  in  order  that  wave  interaction  studies  may  be  conducted 
as  well. 


In  addition  to  the  basic  tube,  there  are  available  two  special 
12-inch  sections  and  a small  5-inch  compartment.  The  special  12-inch 
section  is  fitted  with  glass  windows  10"  long  andl"  wide.  These  windows 
are  fitted  with  one  end  flush  with  the  end  of  the  section.  Rubber  gaskets 
may  be  cemented  to  the  ends  of  these  sections  to  form  a diaphragm  station. 
Each  section  contains  a diaphragm  breaker  station  so  that  the  diaphragm 
may  be  ruptured  from  either  side.  These  chambers  make  it  possible  to 
obtain  a 12"  field  of  view  at  the  diaphragm  station  and.  thus  enables  the 
study  of  the  origin  in  the  (x,  t)-plane.  Plate  10  shows  the  12-inch  section 
with  the  diaphragm  breaker  installed  for  this  purpose. 

The  two  12 -inch  sections  and  the  5 -inch  compartment  when 
assembled  together,  afford  a means  of  visually  observing  the  refraction 
of  a wave  at  a layer  of  gas.  In  this  case  the  gas  layer  in  the  5-inch  com- 
partment is  separated  from  the  gases  in  the  two  12-inch  sections  by  means 
of  microfilm  interfaces  which  are  ruptured  by  the  wave  which  is  moving 
down  the  tube.  Plate  11  shows  an  assembly  of  these  three  sections  as 
set  up  for  this  purpose.  Further  details  are  given  in  section  5. 

The  vacuum  system  consists  of  a Kinney  CVD-556  vacuum 
pump,  two  McLeod  gauges  and  a set  of  Wallace  and  Tiernan  absolute 
pressure  gauges.  These  gauges  cover  the  range  from  0 to  810  mm.  Hg. 
absolute  pressure.  The  gauges  are  used  exrensively  to  measure  pressures 
in  the  tube  while  the  McLeod  gauges  are  used  tOx  calibrate  the  Wallace  and 
Tiernan  gauges  periodically.  The  pressure  system  utilizes  bottles  of 
high  pressure  gases  which  are  commercially  available.  This  method  has 
proved  to  be.  the  most  convenient  and  also  ensures  a low  moisture  content 
for  the  gases  used.  Heise  gauges  with  a range  of  0 ~ 4000  mm.  Hg.  are 
used  to  measure  the  pressure  in  the  chamber. 


THE  DIAPHRAGM  STATION, 

SHOWING  THE  DIAPHRAGM  BREAKER  AND  CLAMPING  PLIERS 


FIGURE  52 


CROSS-SECTIONAL  VIEW  OF  DIAPHRAGM  BREAKER 


PLATE  10. 

THE  SPECIAL  SECTION  USED  FOR  THE  STUDY 
OF  THE  ORIGIN  IN  THE  ( x,  t ) - PLANE. 
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The  photographic  records  were  obtained  using  a conventional 
schlieren  system  and  a wave  speed  camera.  The  use  of  at. wave  speed 
camera  gives  a continuous  distance-time  (x,  t)-piane  record,  and  the  wav? 
velocity  can  be  obtained  directly  by  measuring  the  slope  of  the  wave  trace 
on  the  film,  since  the  film  speed  and  magnification  factor  are  known 
accurately.  The  wave  speed  camera  is  illustrated  on  plate  12. 

A more  complete  description  of  the  schlieren  system,  wave 
speed  camera  and  allied  equipment  may  be  found  in  reference  8,  and  a 
schematic  diagram  of  the  entire  apparatus  is  shown  on  figure  53. 


PLATE  12.  THE  WAVE  SPEED  CAMERA  WITH  SIDE 
PANELS  REMOVED  SHOWING  FILM  WINDER,  LENS 
AND  KNIFE  EDGE  ASSEMBLY,  AND  NEON  GLOW 

LAMP  TIMER. 


•s 


SCHEMATIC  DIAGRAM  OF  THE  WAVE  INTERACTION 
TUBE  AND  ALLIED  EQUIPMENT 
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V,  COMPARISON  OF  THEORY  AND  EXPERIMENT 


The  present  section  deals  with  experiments  on  real  flows  in  a 
shock  tube.  These  experiments  were  designed  to  compare  the  actual  data 
with  the  theoretical  predictions  discussed  in  sections  1 to  3 inclusive,  and 
to  evaluate  critically  the  differences  between  id.eal  and  real  flows. 

Entirely  new  results  are  given  in  sections  5.02  and  5.03,  which 
deal  with  the  origin  problem  in  the  (x,  t)~plane  and  shock  wave  attenuation 
in  tubes,  respectively.  The  initial  conditions  were  varied  in  a number  of 
ways,  in  order  to  study  the  effects  produced  by  diaphragm  pressure  ratio 
and  diaphragm  pressure  difference  at  the  origin  and  up  to  12  feet  beyond, 
on  shock  wave  formation  and  attenuation.  In  addition,  the  deviations  pro- 
duced at  the  contact  front  and  in  the  uniform  states  are  also  discussed. 

The  remaining  sections  5.  04  to  5.  08  are  devoted  to  a detailed 
discussion  of  the  flows  in  the  steady  state  regions,  the  rarefaction  wave 
and  wave  interactions.  Here,  new  data,  as  well,  as  results  obtained  pre- 
viously at  the  Institute  of  Aerophysics  and  other  research  establishments 
are  given  in  an  effort  to  present  an  integrated  account  of  the  present 
state  of  shock  tube  knowledge. 

5.01.  Experimental  Procedure 


The  present  data  are  mainly  based  on  the  wave  speed  measure- 
ments of  the  (x,  t)-plane  schlieren  records  obtained  with  the  wave  speed 
camera  which  is  shown  on  plate  12.  Essentially,  these  photographs  show 
the  propagation  of  discontinuities  in  the  density  derivative. 

If  the  Rankine-Hugoniot  conditions  (equation  1.70)  are  assumed 
to  apply  across  the  shock  wave,  for  example,  then  it  is  possible  to  calculate 
the  physical  parameters  of  the  uniform  states  from  the  shock  speed  (rela- 
tions 1.69  to  1.77).  This  procedure  has  the  inherent  weakness  that  the 
physical  quantities  are  not  measured  directly.  Where  possible  this  gap 
has  been  narrowed  by  giving  the  few  available  actual  measurements  of 
physical  quantities  obtained  in  other  shock  tubes.  It  will  be  shown  in  later 
sections  that  the  wave  speed  technique  is  reliable  for  basic  calibrations 
and  wave  interactions,  where  variable  specific  heats  are  not  too  important. 
However,  this  should  not  be  taken  to  imply  that  it  is  in  itself  a sufficient 
condition  to  determine  the  remaining  flow  parameters.  Wherever  possible 
these  should  be  measured  directly.  When  sufficient  direct  data  of  this  type 
has  been  accumulated,  the  researcher  may  have  a sounder  basis  for  eval- 
uating temperature,  pressure  and  density  from  shock  speed  measurements. 

The  present  schlieren  records  contain  the  traces  of  the  basic 
wave  elements  found  in  a shock  tube,  such  as,  shock  waves,  contact  surfaces, 
and  rarefaction  waves.  In  addition,  traces  of  any  discontinuity  in  the  density 
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derivative  produced  by  other  flow  phenomena  such  as,  vortices,  eddies, 
and  boundary  layer  flow  will  also  be  recorded. 

Since  12-inch  paraboloidal  mirrors  are  used  in  the  schlieren 
system,  the  records  cover  approximately  a .12 -inch  viewing  section.  The 
drum  of  the  present  camera  is  12  inches  in  diameter,  uses  70  mm.  Linagraph 
Pan  film  and  rotates  at  approximately  4200  R.P.M.  This  gives  a maximum  re oortfed 
flow  duration  of  about  14  milliseconds.  In  practice,  only  about  2 milliseconds 
of  the  flow  from  the  initial  phenomenon  is  of  interest,  the  remainder  contains 
complex  multiple  interactions.  It  is  seen  that  a continuous  record  is  avail- 
able for  each  experimental  run  over  relatively  large  distances  and  long  times. 

The  speed  of  any  wave  trace  is  determined  from  the  relation 

V tan  oC 
w=  —— 

where  w -■  wave  speed  in  feet  per  second  (see  figure  54) 

V = film  peripheral  speed  in  feet  per  second 
A = magnification  factor  of  the  optical  system 

ot.  = angle  between  the  trace  of  the  wave  and  the  film  velocity  vector 


FIGURE  54 


THE  WAVE  VELOCITY  VECTOR  DIAGRAM 
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The  film  speed  is  determined  very  accurately  to  about  0.  0 7%' . 
The  diameter  of  the  12-inch  drum  is  known  to  0 + ,001  inch.  The  speed  of 
the  drum  is  measured  by  means  of  a photocell  unit,  an  amplifier  and  a 
Potter  chronograph  to  the  nearest  lO.microseconds,  A blip  circuit,  which 
yields  markers  on  the  film  every  5 or  10  microseconds  is  also  available 
(see  references  8 and  14). 

The  magnification  factor  may  be  determined  to  about  0, 1%  , 

It  is  found  by  attaching  two  razor  blade  markers  to  the  window  frame 
and  photographing  them  within  the  schlieren  records.  The  distance  between 
the  markers  is  over  11  inches  and  can  be  measured  to  the  nearest  1/100  or 
1/64  inch.  The  trace  on  the  schlieren  record  may  be  measured  with  a 
travelling  microscope  to  10~^  inches. 

The  tangent  of  the  included  angle  , may  be  found  with  an 
accuracy  of  about  2%  for  large  angles  (75°)  for  high  wave  speeds,  or  less 
than  1/2%  for  low  wave  speeds  or  small  angles  (45°).  The  angles  are 
measured  on  a Hilger  T500  Universal  Measuring  Projector  with  a 10  x 
magnification  lens.  This  shadow  comparator  enables  the  measurement 
of  angles  to  0.5  minutes  or  better.  For  diaphragm  pressure  ratios  (P41) 
of  the  order  of  10,  000  it  is  necessary  to  use  absolute  pressures  in  the 
channel  of  the  order  of  0.4  mm.  Hg.  This  gives  rise  to  faint  schlieren 
shock  traces,  and  it  is  essential  to  pin-point  them  for  use  in  the  compara- 
tor. The  repeatability  of  the  angle  0C0  + 20  min.  was  always  possible. 
Hence,  the  shock  wave  velocity  even  for  strong  waves  could  be  measured 
to  within  2%  or  better. 


Chamber  pressures  could  be  read  with  an  accuracy  which  varied 
from  about  0.  5%  for  the  low  pressures  to  about  0.  05%  for  the  high  pressures. 
The  pressures  were  measured  on  Heise  bourdon  gauges  which  are  graduated 
in  steps  of  4 mm.  Hg.  Chamber  pressures  ranged  from  about  800  mm,  Hg. 
to  4000  mm.  Hg. 


Low  channel  pressures  were  most  difficult  to  determine  accur- 
ately. For  a pressure  of  0.40  mm,  Hg.  an  error  of  about  9%  was  possible. 
This  was  alleviated  by  taking  several  runs  at  these  low  pressures  in  order 
to  determine  an  average  value.  The  photographic  reproducibility  in  these 
cases  was  quite  good.  Channel  pressures  were  measured  with  Wallace  and 
Tiernan  absolute  pressure  gauges.  They  were  calibrated  against  McLeod 
gauges  in  the  range  0 to  15  mm.  Hg.  and  0 to  l.  8 mm.  Hg. , and  with  mano- 
meters in  the  range  0 to  810  mm.  Hg.  The  following  gauges  were  employed; 


0 to  20  mm.  Hg. 
0 to  200  mm.  Hg. 
0 to  410  mm.  Hg, 
390  to  810  mm.  Hg. 


(with  0,1  divisions), 

(with  0.5  divisions), 

(with  2.0  divisions),  and 
(with  2.0  divisions). 
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The  difficulty  of  obtaining  high  accuracy  at  low  channel  pressures 
could  be  overcome  in  tubes  designed  to  take  higher  pressures,  but  at  the  ex- 
pense of  economy,  buikiness  and  handling  problems.  In  conclusion  it  may  be 
stated  that  the  present  results  at  diaphragm  pressure  ratios  of  10,  000  are  most 
subject  to  experimental  error,  and  this  was  minimized  by  great  care  and 
repeated  runs  in  order  to  ensure  the  greatest  practical  accuracy. 

The  tube  configurations  used  during  the  experimental  work,to 
be  described  in  the  following,  are  shown  on  plate  13. 


5,  02  ' The  Wave  System  at  the  Origin  in  a Real  Shock  Tube. 

The  theoretical  relations  describing  the  flows  in  an  ideal  shock 
tube  were  developed  in  sections  I and  II.  The  present  section  will  consider 
the  flows  in  a real  shock  tube.  An  account  will  be  given  of  the  experimental 
work  in  order  to  compare  the  data  obtained  with  the  theoretical  predictions. 

Under  the  given  assumptions,  it  was  found  that  the  ideal  flow  in 
a shock  tube  in  the  (x,  t)-plane  is  represented  by  figure  1.  Real  flows  in  the 
same  plane  are  modified  considerably.  This  is  shown  by  actual  schlieren 
photographs  of  the  (x,  t)-plane,  from  the  instant  the  diaphragm  ruptures,  on 
plate  14  (a)  to  (z)  inclusive,  for  initial  diaphragm  pressure  ratios  (P^)  of  1.  1 
to  501.  Plate  14  (x),  (y),  (z)  illustrates  the  origin  problem  for  the  case  of 
He/Air.  Reversed  schlieren  records  are  included  in  order  to  show  photo- 
graphic  detail.  The  differences  between  the  ideal  and  real  flows  are  quite 
noticeable,  and  will  now  be  considered  in  some  detail. 

Under  pressure  the  cellophane  diaphragm  becomes  a curved  surface. 
When  it  r uptures,  three-dimensional  effects  are  introduced  in  the  form  of  shock 
wave  reflection  due  to  the  curvature  of  the  shock  wave,  diffraction  about  the  re- 
mains of  the  diaphragm  and  interactions  of  the  resulting  waves.  Viscous  effects 
also  show  up  immediately  in  the  form  of  vortices,  mainly  downstream  of  the  dia- 
phragm. As  a result  one-dimensional  inviscid  flow  does  not  exist  at  the  origin. 

The  main  features  of  all  the  schlieion  records  of  the  (x,  t)-origin 
are  similar.  Instead  of  plane  waves  emanating  instantaneously  the  moment 
the  diaphragm  is  removed  (see  figure  1),  the  following  actually  takes  place. 

When  the  diaphragm  ruptures,  many  compression  waves  are  gen- 
erated. These  waves  overtake,  accelerate  and  combine  to  form  the  main  shock 
front,  which  finally  achieves  a uniform  velocity  in  a distance  of  a few  cross  - 
sectional  widths.  For  diaphragm  pressure  ratios  ^ 2 the  formation  region 
appears  to  extend  up  to  12  in.  and  1000/^  sec.,  due  to  the  prominent  transverse 
waves.  The  shock  wave  is  well  formed  and  of  uniform  speed  about  12  inches 
beyond  the  origin.  The  formation  region  decreases  to  about  8 in.,  and  the 
time  to  about  500/xsec.  at  P^  = 20.  For  P^  > 20  the  formation  process  is  more 
rapid,  but  it  loses  photographic  clarity  (see  plate  14  (w)),  and  the  shock  path  is 
curved  even  after  18  in.  beyond  the  origin.  Thus  the  formation  distance, in  which 
the  shock  wave  forms,  accelerates  and  attains  a straight  path  in  the  (x,  t) -plane 
(uniform  velocity^is  only  about  4 cross-sectional  widths  for  weak  waves  and  Q 
for  strong  waves.  The  formation  region  is  smaller  when  the  diaphragm  is 
stressed  close  to  its  breaking  strength;  that  is,  when  the  pressure  difference 
is  large.  This  is  illustrated 
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p4 

= 734.  5 mm.  Hg. 

P4 

= 734.  3 mm.  Hg. 

p, 

= 367.  3 mm.  Hg. 

P, 
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= 2.00 

T4, 

= 23.8°  C. 
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1500  mm.  Hg. 

p = 1502  mm.  Hg. 

*4 

150  mm.  Hg. 

p(  = 75.0  mm.  Hg 

10.0 

P =20.0 

41 

21.8°  C. 

T4,t  = 22.0°  C. 

PLATE  14.  (Continued) 


748.0  mm.  Hg.  = 748.0  mm.  Hg. 

7.48  mm.  Hg.  P(  = 7.48  mm.  Hg, 

100  P4(  = 100 

26. 2°  C.  TV,,  = 23.4°  C. 


PLATE  14.  (Continued) 


P4i  = 1.5 


Pj  = 500  mm.  Hg.  (Air)  p4  = 750  mm.  Hg.  (He) 

P21  = 1.38  Wn  = 1. 18 

PLATE  14.  (Continued) 

THE  WAVE  SYSTEM  PRODUCED  IN  A REAL  SHOCK  TUBE  FROM 
THE  INSTANT  THE  DIAPHRAGM  RUPTURES.  CASE  HE/AIR. 
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on  plate  14  (j),  (k)  and  (1)  for  P. . = 5.00.  In  (j)  the  pressure  difference  is 
1200  mm.  Hg. , whereas  in  (k)  it  is  close  to  600  mm.  Hg.  and  in  (1)  500  mm. 
Hg.  The  formation  region  is  much  better  defined  in  (j),  and  has  a narrower 
contact  front  than  in  (k)  or  (1).  The  same  phenomenon  is  illustrated  on  (g), 

(h)  and  (i)  for  a pressure  ratio  = 3.  00,  and  on  (c),  (d),  (e)  and  (f)  for  a 
pressure  ratio  P41  = 2‘  00.  On  plate  14  (w)  for  P^  = 501,  the  origin  is  not  so 
well  defined.  The  shock  front  velocity  becomes  uniform  after  about  18  in.  or 
500/X.sec.  Even  at  p^  = 1.00  mm.  Hg.  the  shock  wave  is  well  defined.  The 
front  of  the  contact  region  is  clearly  delineated,  but  for  the  higher  diaphragm 
pressure  ratios  the  rear  boundary  merges  with  the  rough  flow  of  state  (3). 

An  examination  of  the  photographic  records  shows  that  as  P.^ 
increases,  the  slope  of  the  head  of  the  compression  wave  becomes  steeper 
than  the  head  of  the  rarefaction  wave.  Thus  the  head  of  the  compression 
wave  is  not  a characteristic  line,  and  it  travels  at  supersonic  speed.  This 
is  shown  in  table  7,  which  contains  a summary  of  some  data  for  the  records 
used  in  plate  14  (a)  to  (z).  (The  run  number  appears  on  each  schlieren  record.) 

It  is  seen  that  as  the  diaphragm  pressure  ratio  (P^)  increases, 
the  ratio  of  the  speed  of  the  head  of  the  compression  wave  (Cj)  to  the  speed 
of  the  head  of  the  rarefaction  wave  (C^ y the  sound  speed) also  increases. 

For  diaphragm  pressure  ratios  up  to  5,  this  difference  is  small,  and  for  P41 
= 20  it  is  quite  large.  For  P4i>  20  the  op' -mum  . shock  speed  is  approached 
quickly  from  the  start,  and  the  shock  formation  region  loses  its  former  reso- 
lution. It  will  be  noted  that  for  three  runs  in  the  low  P4^  range,  the  speed 
Ci 

ratio  ( — — ) was  slightly  less  than  unity.  This  is  a reasonable  deviation 

c4 

since  a large  number  of  records  were  not  taken  for  each  P41  to  give  a statis- 
tical result.  It  also  points  to  the  fact  that  every  diaphragm  break  is  somewhat 
different.  This  variation  is  also  confirmed  from  the  changes  in  the  particle 
velocity  (TL^),  as  determined  from  the  front  of  the  contact  region.  The 
speed  of  sound  (ajJ  was  taken  as  C4  = a4  for  each  record.  In  all  cases  the 
value  of  is  higher  than  predicted  by  the  theory  when  measured  close  to 
the  origin.  Several  cross-sectional  lengths  beyond,  the  contact  front  velocity 
does  achieve  good  agreement  with  the  theory,  even  for  diaphragm  pres- 
sure ratios  (P^)  up  to  100  (see  section  5.03). 

The  channel  observation  window,  which  is  located  at  the  centre  of 
the  tube,  permits  a record  of  the  phenomena  in  that  plane.  Initially,  the 
small  amount  of  air  that  escapes  from  the  chamber  as  the  diaphragm  is 
pierced  travels  faster  than  the  bulk  of  the  air  which  follows  the  complete 
disintegration  of  the  diaphragm.  This  is  confirmed  by  an  (x,  y)-pl.ane 
photograph  of  the  bursting  diaphragm  (see  plate  15)  and  explains  the  initial 
high  velocity  of  the  contact  front. 

At  a first  glance,  the  records  indicate^  that  it  may  be  possible 
to  determine  the  formation  and  growth  of  the  shock  wave  by  considering 
the  front  of  the  contact  region  as  a piston  path,  in  a manner  similar  to 


TABLE  7 

SUMMARY  OF  DATA  ON  FORMATION  AND  GROWTH  OF  SHOCK  WAVES 


RUN  NO. 

P41 

Cl 

C4 

U21  = U21 

,U21  (Theory) 

M24 

1.09 

?!< 

0.  038 

0.  02 

M3 

1.50 

0t  992 

0.  204 

.0.14 

M5 

1.  95 

1.  004 

0.  302 

0.23 

M8 

2.  01 

1.  026 

0.345 

0.24 

526 

2.00 

1. 008 

0.  381 

0.24 

531 

2.00 

1. 015 

0.  364 

0.24 

533 

2.  97 

1.  004 

0.  583 

0.39 

528 

2.  97 

1.  021 

0.  612 

0.39 

532 

3.  00 

0.  976 

0.494 

0.40 

M27 

3.  00 

1.037 

0.440 

0.40 

507 

5.  00 

1. 030 

0.  843 

0.48 

M28 

5.  00 

1.  043 

0.  670 

0.48 

M17 

5.00 

0.995 

0.  625 

0.48 

505 

5.  00 

1.  027 

0.  785 

0.48 

M47 

10,00 

1.  057 

0.884 

0.82 

518 

10.  00 

1.  141 

* 

0.82 

509 

10.00 

1.  127 

* 

0.82 

512 

20.  00 

1.  136 

* 

1.07 

519 

20.  00 

1.  139 

* 

LOT 

* not 

M48 

20.  00 

1.  118 

1.  119 

1. 07  measurable 
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PLATE  15. 

SHADOWGRAPH  OF  THE  RUPTURING  CELLOPHANE  DIAPHRAGM 
IN  A 2 INCH  x 7 INCH  SHOCK  TUP-E  AT  A DIAPHRAGM  PRESSURE 
RATIO,  P^j  = 2.0.  (from  reference  7 ) 
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that  presented  in  references  10  and  50.  This  was  attempted  with  run  no.  526, 
plate  14  (f),  where  the  propagation  of  the  first  change  in  the  density  derivative 
at  the  contact  front  ^appears  to  give  a reasonable  piston  path.  This  curve  was 
measured  with  a shadowgraph  comparator,  having  a magnification  of  ten.  Dis- 
tances could  be  measured  to  lO-^  inches,  and  angles  to  half  a minute.  The 
results  are  plotted  on  figure  55.  It  is  seen  that  this  is  not  a.  simple  piston  curve. 
For  the  first  65 /U  sec.  the  velocity  remains  quite  uniform  at  370  ft.  / sec. 
Between  65  and  230^  sec.,  the  acceleration  remains  roughly  constant  (about 
2 x 10®  ft.  /sec.  2).  Beyond  230^  sec.  the  velocity  appears  to  remain  at  700 
ft.  /sec.  Theoretically,  for  a diaphragm  pressure  ratio  P.,  = 2.00,  the  shock 
wave  speed  W,^  = 1.16  (1314  ft.  / sec. ) and  - 0,24  (272  ft. /sec.).  It  is  seen 
that  the  initial  propagation  of  the  density  derivative  far  exceeds  the  theoretical 
contact  surface  speed.  This  is  due  again  to  the  initial  jet  of  air  which  enters 
the  channel  from  the  chamber.  As  a result,  it  was  not  possible  to  obtain  the 
shock  formation  by  the  method  of  characteristics  (ref.  10)  from  this  type  of 
piston  curve.  Nevertheless,  some  interesting  points  do  result  from  figure  55. 
The  displacement  curve  indicates  that  initially  there  is  an  enormous  accelera- 
tion which  decreases  to  zero  in  about  230^  sec.,  although  the  diaphragm  pres- 
sure ratio  is  low  (P^  = 2.00).  In  the  first  \0 //  sec.  the  acceleration  is  of  the 
order  of  T.  4 x 10^  ft. /sec.  2.  With  a decelerating  piston  path  the  shock  forms 
at  the  head  of  the  compression  front,  and  the  birth  point  (xs,  ts)  may  be  de- 
termined approximately  from  the  relations  (see  ref.  10): 

, 2 a4 

s ~ y + i u 

xs  = 04  ls 

where  u = piston  acceleration. 

- 1132  f.  p.  s. 

In  this  case  tg  = 12.  7/“  sec. 

xs  = 14.  4 x 10  ^ ft. 

and  it  tends  to  agree  with  the  theoretical  assumption  that  the  shock  front 
forms  almost  instantaneously.  Additional  agreement  also  comes  from  table 
7,  which  shows  that  the  head  of  the  compression  front  is  supersonic  even 
at  very  small  diaphragm  pressure  ratios. 

Two  records  are  included  on  plate  16  in  order  to  show  the  effects 
of  using  two  diaphragms  and  diaphragms  of  different  materials.  In  (a)  two  CIL 
MSC  300  cellophane  diaphragms  were  used.  It  is  seen  that  the  second  diaphragm 
burst  about  400/W  sec.  later  than  the  first.  In  this  case  the  diaphragm  breaker 
was  located  downstream  of  the  diaphragm.  The  two  heads  of  the  rarefaction 
waves  travel  at  almost  identical  speeds.  The  compression  heads  are  both  super- 
sonic and  the  main  shock  wave  really  forms  after  the  second  diaphragm  ruptures, 
and  the  second  set  of  compression  waves  coalesce  with  the  initial  waves.  Im- 
proved breaks  due  to  a larger  pressure  difference  and  better  shattering  dia- 
phragms are  shown  on  plate  16  (b)  and  on  plate  14  (o)  and  (p)  where  one  CIL. 

MSTL  600  and  one  CIL  MSC  300  diaphragms  were  used.  In  the  case  of  plate 
(p)  the  breaks  are  only  of  the  order  of  20  to  30//  sec.  apart,  nevertheless,, 
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.they  are  discernible.  As  a result  the  red-?zip  CIL  MSTL  600  cellophane 
diaphragms  were  used  throughout  singly  or  in  multiple  numbers  because 
of  their  uniform,,  rapid  and  more  complete  breaking  characteristics. 

On  the  photographs,  the  contact  region  appears  as  a thick  layer 
which  has  an  eddying  structure.  For  low  diaphragm  pressure  ratios  the 
layer  increases  apparently  from  about  1 to  4 inches  over  a 6-inch  channel 
length  adjacent  to  the  origin,  as  measured  from  the  schlieren  records.  This 
can  not  be  taken  as  a measure  of  its  actual  thickness,  otherwise  the  shock 
front  could  also  be  measured  directly  from  the  records,  and  this  certainly 
would  be  wrong.  All  that  may  be  said  is  that  the  apparent  thickness  is  that 
given  by  the  propagation  of  the  discontinuity  in  the  density  derivative  at  the 
front  and  rear  of  the  contact  region  or  shock  front.  A one-to-one  mapping 
would  be  more  likely  in  case  of  the  contact  region,  which  in  practice  is  a 
finite  layer  and  may  in  reality  be  as  thick  as  it  actually  appears  on  the 
(x,  t)-plane  schlieren  records. 

In  the  case  of  plate  14  (x),  (y),  (z)  the  formation  process  is  very 
similar,  except  that  the  contact  front  appears  of  opposite  colour  to  the  shock 
wave.  This,  of  course,  should  be  the  case  at  low  P41  since  helium  is  only 
about  one-seventh  as  dense  as  air.  A piston  was  also  inserted  in  the  channel 
so  that  the  normal  reflected  shock  wave  also  appears  and  interacts  with  the 
contact  front.  The  head  of  the  rarefaction  wave  is  not  visible  in  the  chamber 
due  to  the  low  density  of  the  helium. 

/ 

The  term  "eddying"  is  justified  from  the  observation  that  this 
region  has  many  black  and  white  striations,  and  they  are  indicative  of  the  pro- 
pagation of  changes  in  the  density  derivative  throughout  this  area.  Two- 
dimensional  shadowgraphs  of  this  layer  confirms  the  swirling  type  of  motion, 
as  shown  on  plate  17,  which  is  taken  from  reference  7.  Very  little  is  known 
about  the  transition  properties  through  this  front.  Ari  interferometric  study 
has  just  been  completed  at  tha.Institute  of  Aerophysic  and  yields  some  new 
facts  on  the  physical  structure  of  this  type  of  contact  layer.  (See  ref.  68). 

Since  the  initial  assumptions  are  not  attainable  at  the  origin,  the 
rarefaction  wave  is  not  of  the  centred  type.  In  all  the  records  it  was  not 
possible  to  detect  the  tail  of  the  rarefaction  wave.  Theoretically,  this  should 
have  been  possible  whether  the  wave  was  centred  or  not,  since  the  density  de- 
rivative is  roughly  of  the  same  order  of  magnitude  as  at  the  head  of  the  wave 
for  weak  rarefaction  waves  (see  table  4).  A substantiated  reason  can  not  be 
given  for  the  absence  of  this  Mach  line.  Its  appearance  would  have  made  it 
possible  to  determine  the  deviation  from  the  ideal  centred  rarefaction  wave,' 
as  well  as  some  of  the  properties  of  state  (3). 

Plate  14  (a),  (b),  (g),  (j)  and  (w)  are  all  composed  of  two  schlieren 
records  having  the  same  initial  conditions.  They  represent  a flow  of  about  6 
inches  upstream  of  the  diaphragm  and  18  inches  downstream  of  the  diaphragm. 
For  all  diaphragm  pressure  ratios  (P^),  the  compression  waves  overtake, 
coalesce  and  accelerate  the  shock  front  to  a uniform  speed.  This  condition 


PLATE  17. 

FLOW  OVER  A TWO-DIMENSIONAL  5°  - 3'  WEDGE  SHOWING  THE 
ARRIVAL  OF  THE  CONTACT  LAYER  (from  reference  7) 
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is  achieved  when  the  shock  path  is  free  from  curvature  and  appears  as  a 
straight  line.  The  duration  of  the  formation  process  decreases  with  P^. 

On  the  other  hand,  uniform  velocity  is  achieved  in  a slightly  longer  time 
with  P41.  (Compare  plate  14  (b)  and  (w)),  In  addition,  transverse  shock  waves 
also  cover  the  field  upstream  and  downstream  of  the  diaphragm.  This 
phenomenon  is  shown  clearly  on  plate  14  (a),  (b),  (g),  and  (j).  The  origin 
and  appearance  of  these  w^ves  may  readily  be  accounted  for  with  the  aid  of 
plate  18,  as  follows.  Plate  18  was  drawn  from  a series  of  photographs 
(figures  45  to  52)  which  appear  in  reference  5 3.  It  shows  a shock  wave 
diffracting  through  a channel  placed  in  a 2 inch  x 7 inch  shock  tube.  The 
internal  dimensions  of  the  channel  are  given  on  plate  18  (h).  Qualitatively, 
the  series  of  figures  from  (a)  to  (h)  illustrate  what  takes  place  in  a shock 
tube  from  the  instant  the  diaphragm  is  broken.  In  (a)  and  (b)  the  condition^  ! 

are  similar  to  the  rupturing  of  the  diaphragm.  The  shock  wave  is  curved, 
and  the  angle  it  makes  with  the  wall  is  not  too  large,  hence  regular  reflection  J 

results  and  a transverse  shock  wave  is  formed.  The  well-defined  vortices  | 

that  are  produced  remain  quite  stationary  and  are  similar  to  those  appearing  j 

in  the  (x,  t)-plane  (see  plate  1).  In  (b)  the  transverse  waves  have  just  crossed.  i 

In  an  (k,  t)-plahe  schlieren  photograph  of  the  centre  ofTKe  shock  tube  (for  j 

example  plate  14  (j)^,  this  would  appear  as  a single  point,  at  the  moment  the  j 

waves  were  tangent  in  the  centre  of  the  tube,  that  is,  -the' lowest  point  in  time 
for  the  concaved  downward  traces  of  the  transverse  waves.  After  this  instant, 
for  any  other  time,  there  would  appear  two  points  on  the  (x,  t)-plane,  corres- 
ponding to  the  two  points  of  intersection  of  the  waves.  This  would  result  in  a 
parabolic  type  of  family  of  traces  as  observed  on  the  (x,  t)-plane  records. 

The  upstream  branch  appears  slower  since  it  is  travelling  against  the  flow, 
and  the  downstream  branch  appears  faster  for  the  same  reason. 

This  is  confirmed  by  examining  the  upstream  and  downstream  1 

branches  in  the  (x,  y)-plane  on  plate  18  (b),  (c)  and  (d).  In  (c)  the  angle  of  I 

incidence  of  the  shock  wave  with  the  wall  has  become  so  large  that  Mach  f 

ref  lection  takes  place.  In  (d)  the  main  shock  wave  is  plane  and  inverted 
Mach  reflection  as  well  as  regular  reflection  can  be  observed.  This  transverse  j 
wave  system  is  the  mechanism  which  turns  an  initially  curved  shock  wave  j 

into  a plane  wave.  The  wave  becomes  plane  somewhere  between  (b)  and  (c) 
in  a matter  of  about  150/^  sec.,  and  the  time  will  vary  directly  as  the  size 
of  the  tube. 

| 

In  (e),  (f),  (g)  and  (h)  it  is  seen  that  these  transverse  waves  do 
not  vanish  even  after  they  are  struck  by  the  reflected  shock  wave  from  the 
closed  end.  Every  incident  transverse  wave  creates  its  own  reflected  coun- 
terpart. This  is  also  shown  on  plate  19  (a)  to  (d)  in  the  (x,  t)-  plane.  These  < 
waves  continue  to  follow  the  shock  wave  down  the  channel  regardless  of  dis- 
tance from  the  diaphragm  (see  (a)  and  (c))  which  were  taken  at  a distance 
of  three  and  twelve  feet  from  the  diaphragm.  The  frequency  of  these  waves 
on  the  (x,  t)-  plane  increases  with  the  distance  from  the  diaphragm,  due  to 
the  increase  with  time  in  the  angle  between  the  wall  and  the  transverse  wave 
adjacent  to  the  main  shock  wave:  This  results  in  more  frequent  reflections. 
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p * 750  mm.Hg.  (Air)  p4  » 1500  mm.Hg.  (He.)  WH  =1.19 

M4  = 0.27  P1(  = 1.44 

PLATE  18. 

THE  TRANSVERSE  WAVE  SYSTEM  FOLLOWING 
AN  INCIDENT  AND  REFLECTED  SHOCK  WAVE. 
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Distance  from  diaphragm  = 39  inches 

P41  = 2.00  = 999  mm<  Hg# 

p21  * 1*40  Wn  = 1. 16 

PLATE  19. 

^ THE  TRAN 5 VERSE  SHOCK  WAV?  SYSTEM  GENERATED 

BEHIND  THE  PRIMARY  SHOCK  WAVE. 
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(c ) (d) 

Distance  from  Normal  Reflection  case 

diaphragm  = 142  inches  Distance  from  diaphragm  = 44  in. 


P4I  - 2.02 

Pl  = 744  mm.  Hg. 

P41 

= 2.61 

Pj  = 748  mm.  Hg. 

P2i  = 1.40 

Wu  = 1.  16 

P21 

- 1. 60 

Wn  = 1.23 

4 • PLATE  19.  (continued) 

— ■ ♦ 
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( e ) ( f ) 

P41  = 20.  7 pi  = 52. 0 mm.  Hg.  P4I  = 51  Pj  = 20  mm.  Hg. 

P21  = 3. 80  Wn  = 1.83  P21=5.20  Wn  = 2.  13 


= 3.9  x 10"4  siugs/cu.  ft.  Distance  from  diaphragm  = 39  in, 

PLATE  19.  (continued) 


( 168  ) 


Initially  the  radius  of  curvature  of  the  transverse  waves  are  small  and  they  are 
really,  weak  shocks.  However,  after  a long  time  (3200^  sec.  for  the  3 inch  x 
3 inch  tube  for  ^aC1:8:.3  feet  from  the  diaphragm.)  the  radius  of  curvature 
of  the  primary  reflected  transverse  wave  becomes  very  large,  and  it  ap- 
proaches a sound  wave  (see  plate  18  (e)  to  (h)).  This  is  easily  confirmed  by 
computing  the  time  required  for  a sound  wave  to  traverse  the  height  of  the 
tube.  From  (e)  to  (h)  for  the  flattest  wave,  it  is  about  75y6t  sec.  and  is  in 
good  agreement  with  the  sound  speed  of  1186  f.  p.  s,  in  this  region.  . This  may 
also  be  checked  from  the  (x,  t)- plane  on  plate  19  (a)  and  (b)  for  the  shallow 
transverse  waves.  The  time  to  traverse  the  three-inch  height  is.  210  - 220 JJ~ 
sec.  For  a shock  pressure  ratio  P21*1„4,  the  theoretical  sound  speed  $^2 
- 1175  f.p.s.,  and  the  time  to  traverse  3 inches  is  213^  sec.,  arid  checks 
quite  well0  It  should  be  noted  that  the  flatness  of  a transverse  wave,  contrary 
to  a plane  wave,  is  indicative  of  slow  speed0  A transverse  wave  with  an 
infinite  radius  of  curvature  (sound  wave)  would  cross  the  entire  centre  line 
of  the  tube  uniformly  and  would  appear  as  a horizontal  line*  For  a plane 
wave  this  would  mean  infinite  speed.  Thus  the  wave  speed  camera  yields 
true  wave  speed  for  plane  waves  only.  Nevertheless,  the  frequency  and  the 
flatness  of  the  transverse  wave  indicates  whether  it  approaches  a sound  wave. 
This  is  also  confirmed  by  the  fact  that  when  these  waves  are  flat  they  fade 
and  are  not  eisily  picked  up  by  the  schlieren  system,  since  they  are  very  weak. 


The  limit  of  visibility  of  these  waves  in  the  wave  interaction 
tube,  as  shown  on  plate  19  occurs  at  a pressure  in  the  channel  p^  = 52  mm, 
Hg.  for  P - 20.7  (see  plate  19  (e)).  Under  these  conditions  P2  * 198  mm. 
Hg.,  p 2 = 3.9  x 10~4  slugs/cu.  ft.  and  ^3  - 9,9  v 10~4  s)ugVcq»ft.'  It 


should  not  be  implied  that  these  transverse  waves  disappear  at  low  density, 
but  rather  that  they  can  no  longer  be  detected  with  the  schlieren  system. 
The  limit  of  the  present  schlieren  system  occurs  at  a channel  pressure  p^ 
between  0.3  and  0.4  mm.  Hg.  Plate  19  ( s)  sheas  a run  at  P^  = 10,  000 
and  p^  * 0.40  mm.  Hg. , 12  feet  from  the  diaphragm.  The  shock  is  just 


visible,  and  the  physical  quantities  are  p2 

slugs/  cu.  f$.  , 
cu.ft. 


6.  8 mm. 


Hg%ei 


1.25  x 10 


-6 


'p  «=  5.  9 x 10  "b-  slugs/  cu.  it.,  andp3  = 1.38  x 10“3  slugs/ 


The  question  arises  whether  these  waves  affect  the  flow  in  any 
way.  The  answer  is  in  the  affirmative.  Thu  numerous  criss-crossing  of 
the  flow  by  these  transverse  waves  will  alter  the  physical  quantities  in  states 
(2)  and  (3)  as  well  as  the  shock  speed.  This  also  can  be  seen  from  plate  18, 
where  between  (a)  and  (d),  the  diffracted  shook  wave  inside  the  test  channel 
racing  against  the  incident  shock  wave  velocity  has  decreased  by  as  much  as 
6%  over  a distance  of  3.24  inches  in  201  microseconds.  (This  is  based  on  a 
corrected  scale  measurement  of  the  photographs,  and  yields  an  incident 
shock  speed  = 1. 19  and  a shock  speed  inside  the  channel  » 1.12), 

As  the  shock  tube  dimensions  will  go  down,  the  number  of  transverse  re- 
flections in  a given  time  and  tube  section  will  increase.  This  will,  in  turn, 
cause  a correspondingly  greater  viscous  dissipation  which  will,  tend  to  re- 
duce the  shock  speed  or  the  pressure  produced  behind  it.  (See  for  example, 
some  of  the  photographs  and  shock  speed  results  in  reference  8 for  a one- 
inch  diameter  tube. ) 


i 
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Unfortunately,  little  work  has  been  done  to-date  to  determine  the 
uniformity  .of  states.  (2)  and  (3)  separated  ty  the  contact  region  by  measuring 
pressure,,  temperature  or  density  directly,  except  for  very  low  diaphragm 
pressure,  ratios.  Hence  it  is:  not  possible  to  give  the  magnitude  of  the  effects 
these  transverse  waves  produce  in  the  uniform  states.  However,  it  may  be 
predicted  that  these  will  be  sizeable  at  the  higher  shock  speeds.  Recent 
piezo  gauge  measurements  of  the  pressure  in  these  states  conducted  at  the 
Institute  of  Aerophysics  tend  to  confirm  this  prediction  (see  ref.  68),  but 
additional  work  is  necessary  to  make  it  conclusive. 

It  should  be  noted  that  since  these  transverse  waves  are  a portion 
of  a curved  surface  (spherical  or  cylindrical)  they  will  have  a peak-type 
profile  rather  than  a step-type  profile.  That  is,  they  will  have  a rarefaction 
wave  attached  (see  plate  19  (a)  and  (b),  for  example).  Hence  as  they  catch 
up  to  the  shock  wave,  they  will  not  .only  tend  to  weaken  it  by  viscous  dissipa- 
tion of  the  flow  behind  it,  but  also  by  shock  decay  resulting  from  the  over- 
taking hese  peaked  waves,  where  the  attached  rarefaction  wave  may  have 
a far  greater  effect  than  the  shock  portion.  Their  absolute  strength  can  not 
be  assessed  from  schlieren  observations  alone.  For  instance,  on  plate  19 
(a)  the  transverse  waves  appear  more  dense  than  the  shock  front  itself, 
whereas  on  plate  19  (c)  12  feet  from  the  diaphragm  when  the  shock  is  weaker, 
they  appear  less  dense  and  the  appearance  of  an  attached  rarefaction  wave 
is  also  gone.  All  that  may  be  said  is  that  the  transverse  waves  are  weak 
only  if  their  radius  of  curvature  is  large.  They  will  no  doubt:  have  an  effect, 
say,  on  the  determination  of  the  shock  thickness  (ref.  23  and  2 4)  and  simi- 
lar problems. 
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5.03 „ Some  Experimental  and  Theoretical  Aspects  of  Shock  Wave  Attenuation. 


One  of  the  first  parameters  to  be  measured  by  shock  tube  investi- 
gators was  the  shock  wave  velocity,  because  it  was  relatively  easy  to  deter- 
mine * It  was  shown  in  sections  1.  04  and  L 05,  that  if  the  shock  speed  is  known, 
then  the  pressure  ratio  (P^)  across  the  wave  is  determined  from  equation 

(1,73).  If  in  addition  the  initial  conditions  are  known,  then  the  basic  shock 
tube  equation  (l.  65)  can  also  be  verified.  This  approach  was  followed  by 
many  investigators.  They  found  that  the  agreement  between  theory  and 
experiment  was  quite  good  for  weak  waves,  but  became  progressively  worse 
for  strong  shock  waves. 

This  deviation  has  been  referred  to  somewhat  loosely  as  shock 
wave  "attenuation".  More  rigorously  the  term  "attenuation"  may  be  considered 
from  the  following  point  of  view.  Associated  with  each  weak  or  strong  shock 
is  a characteristic  length  Xf  over  which  the  shock  forms,  accelerates,  and 
achieves  a uniform  speed.  Based  on  the  present  results  a.  weak  wave  will  be 
defined  as  one  for  which  Pgj  < 3.  (It  was  shown  in  section  5,  02  that  the  dis- 
tance Xf  is  longer  for  stroiig  shocks. ) For  the  weak  shock  waves  this  uni- 
form speed  is  the  one  predicted  theoretically;  that  is,  a given  diaphragm 
pressure  ratio  ( P41)  will  produce-  a given  shock  wave  speed  (Wn)  as  shown 
on  figure  20.  (The  wave  speed  for  weak  waves  did  not  appear  to  change  over 
the  142-inch  length  investigated  during  the  present  experiments,  as  suggested 
in  figure  56(a).)  For  strong  shock  waves  (P2j > 3)  it  is  noticed  that,  although 
the  shock  achieves  a uniform  speed  at  the  end  of  its  formation  distance,  it 
never  attains  the  theoretical  wave  speed  corresponding  to  the  given  diaphragm 
pressure  ratio.  Instead  it  accelerates  to  some  optimum  wave  speed,  and  be- 
yond the  formation  length  it  decelerates  and  the  speed  decreases  monotoni- 
cally  with  distance  as  sketched  on  figure  56(b).  It  should  be  noted  that  for  the 
present  experiments,  strong  shock  waves  were  produced  by  using  high  dia- 
phragm pressure  ratios  and  low  channel  pressures,  A low  channel  pressure 
causes  a correspondingly  high  kinematic  viscosity  behind  the  shock.  There- 
fore, it  may  be  concluded  that  for  strong  shock  waves  the  overall  defect  or 
total  attenuation  in  shock  speed  consists  of  two  portions;  (a)  a decrement  due 
to  formation,  and  (b)  a further  attenuation  due  to  tne  distance  traversed  by 
the  shock  wave.  These  will  be  referred  to  as  a formation  decrement  and 
distance  attenuation,  respectively. 

It  is  reasonable  to  assume  in  the  case  of  the  strong  shock  waves 
(especially  where  the  channel  pressure  is  low  and  the  kinematic  viscosity 
“behind  them  is  high)  that  the  formation  decrement  is  due  to  viscous  action 
during  the  shock  formation  process,  and  the  distance  attenuation  results 
from  a boundary  layer  build-up.  The  poss’ble  growth  of  the  boundary  layer 
in  a shock  tube  is  illustrated  on  figure  57,  It  is  seen  that  at  the  position  of 
the  shock  wave  the  boundary  layer  has  zero  thickness,  since  the  particles 
in  the  tube  have  not  been  affected  yet.  At  the  contact  front  the  boundary 
lAyer  thickness  (g)  is  at  a maximum,  since  these  particles  have  been  in 
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FIGURE  56. 

TOTAL  SHOCK  WAVE  ATTENUATION  IN  A SHOCK  TUBE. 
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FIGURE  57. 

BOUNDARY  LAYER  GROWTH  IN  A SHOCK  TUBE  AT  t = 


motion  with  respect  to  the  wall  for  the  total  length  at  time  (t^),  under 
consideration.  Just  behind  the  contact  front  the  Reynolds  number  increases 
dis continuously,  and  for  an  ideal  flow  without  turbulence  in  region  (3),  it 
can  be  safely  assumed  that  the  boundary  layer  thickness  will  decrease  in 
state  (3)  and  through  the  rarefaction  wave,  until  it  is  zero  again  at  the  head 
of  the  wave.  Thus  the  boundary  layer  thickness  in  a shock  tube  at  a given 
t is  a function  of  x.  The  thickening  of  the  boundary  layer  with  time  will 
diminish  the  induced  mass  flow  behind  the  shock  wave,  and  as  a result  its 
speed  will  be  reduced  to  balance  the  lower  mass  flow.  No  definite  mech- 
anism for  reducing  the  shock  speed  is  postulated.  However,  since  shock 
decay  is  caused  by  a rarefaction  wave,  it  is  generally  considered  that  the 
contact  front  must  slow  up.  The  deceleration  produces  a rarefaction  wave 
similar  to  the  motion  of  a piston  (see  section  1).  For  real  flows  it  will  be 
shown  that  the  front  of  the  contact  surface  behaves  in  just  the  opposite 
manner;  that  is,  it  speeds  up.  This  is  the  reason  why  the  above  assump- 
tion may  appear  rather  artificial.  Nevertheless,  even  if  the  mechanism 
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for  slowing  up  the  shock  wave  is  not  known,  it  is  reasonable  to  state  that  the 
boundary  layer  growth  reduces  the  mass  flow,  which  reduces  the  shock  speed 
and  is  the  cause  of  attenuation  with  distance. 

The  present  problem  is  somewhat  analagous  to  Rayleigh's  analy- 
sis of  an  infinite  flat  plate  which  has  been  started  instantaneously  from  rest 
to  a uniform  velocity  (uj.)  at  t - 0 (ref.  65).  In  the  present  analysis  the  equi- 
valent problem  is  considered,  that  is,  the  plate  is  at  rest  and  a flow  is 
generated  instantaneously  such  that  its  speed  u is  zero  for  t ^ 0 and  u - u^ 
for  t ^ 0.  This  is  illustrated  for  a cylindrical  shock  tube  in  figure  58,  and 
has  been  solved  in  reference  21.  It  is  seen  that  at  small  times  the  boundary 
layer  is  thin  and  uniform  over  the  entire  length  of  the  tube.  For  large 
times  the  boundary  layer  approaches  the  centre  of  the  tube  and  the  motion 
becomes  a pipe  flow.  In  a shock  tube  the  boundary  layer  does  not  grow  uni- 
formly and  it  occupies  only  a finite  length  of  the  tube.  Furthermore,  the 
end  boundary  conditions  are  complex  due  to  the  presence  of  the  shock  wave 
and  the  contact  front.  However,  it  can  be  shown  that  some  useful  results 
may  be  obtained  by  considering  the  two  problems  as  identical. 

A dimensional  analysis  of  the  instantaneously  started  smooth 
tube  (fig.  58)  shows  that  the  boundary  layer  growth,  neglecting  heat  trans- 
fer, is  a function  of  the  following  quantities.  (For  a real  flow  the  tube  walls 
are  cold  and  heat  transfer  exists  between  the  gas  and  the  walls,  and  here 
the  Prandtl  number  also  would  be  of  importance.) 

S=8 '(p.p.y^.r,  U.d.i)  (5-01) 

or  FCS,  P,  Y,  u.d,  f)  =0  (5.02) 


VELOCITY  PROFILES 


FIGURE  58 

BOUNDARY  LAYER  PROFILES  WITH  INCREASING  TIME  FOR  THE 
EQUIVALENT  RAYLEIGH  PROBLEM  IN  A CYLINDRICAL  TUBE. 
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Therefore,  there  are  five  dimensionless  7T  -functions,  such  that  equation  5.02 
may  be  expressed  in  terms  of  the  following  dimensionless  parameters  as  (ref. 
70,  Appendix  A), 

ejd. 

d *p/p 
or 

= 9 (H  Re,  > ft)  (5.04) 

Hence  for  the  distance  attenuation,  it  may  be  expected  that  the 
boundary  layer  growth  for  a given  gas  ( y ) without  heat  transfer  would  be  a 
function  of  the  Mach  number  (M),  the  Reynolds  number  (Re)  and  the  time  para- 
meter (V t/d^),  it  was  pointed  out  above  that  the  particles  at  the  contact  sur- 
face have  been  in  motion  with  respect  to  the  wall  for  the  greatest  length  of  time. 
Only  this  time  will  correspond  to  the  time  considered  in  the  Rayleigh  problem. 
If  the  total  wave  attenuation  is  assumed  small,  then  from  figure  57,  the  longest 
time  for  a shock  speed  Wj  and  particle  speed  u^  may  be  computed  as  any  one  of 
the  following  times,  since  they  are  all  identical  (fig.  57), 


. ki  , k)  = o 

d1  ' 


(5.03) 


tl  = xc  = *1  = X 

u2  W1  W1  ‘ u2 


(5.  05) 


It  is  convenient  to  measure  t^  in  terms  of  the  distance  of  the  shock 
position  from  the  diaphragm  ^ ^ and  the  time  parameter  may  be  ex- 

pressed for  the  shock  tube  case  as 

— Vi  * (5.06) 

d2  to- 

where  A is  the  cross-sectional  area  proportional  to  d^. 


In  the  series  of  experiments  which  will  be  described  subsequently, 
the  time  parameter  was  varied  by  changing  x.  That  is,  the  shock  was  observed 
over  increasing  distances  from  the  diaphragm  (x),  while  was  held  con- 
stant for  a given  wave  speed  (w^).  Awj 


The  above  type  of  analysis  can  not  be  applied  directly  to  the  forma- 
tion decrement,  since  it  may  also  depend  on  the  diaphragm  bursting  process, 
which  is  three-dimensional  and  of  a complex  nature. 


! 


‘l 


( 175) 


In  order  to  check  some  of  the  above  factors  which  might  contri- 
bute to  the  formation  decrement,  different  types  and  combinations  of  dia- 
phragms were  used  at  the  origin.  In  addition  the  influence  of  the  static  load- 
ing across  the  diaphragm  was  also  investigated.  This  was  accomplished  by 
maintaining  a constant  pressure  difference  A p = p4  - pp  of  100,  500  and 
1000  mm.  Hg.,  over  a wide  range  of  diaphragm  pressure  ratios  P41.  A 
high  pressure  difference  across  the  diaphragm  gave  the  most  complete 
("clean")  and  uniform  break,  and  had  the  nearest  resemblance  to  the  ideal 
case  of  instantaneous  and  complete  removal  of  the  diaphragm  at  t = 0. 

Since  the  chamber  pressure  (p4)  in  the  present  tube  is  limited 
to  about  7 atmospheres,  it  was  not  possible  to  maintain  a constant  channel 
pressure  (p^)  over  a large  P41  range.  Instead  p^  was  held  constant  while 
p^  was  varied  to  give  a. range  of  , and  the  effects  on  the  formation  decre- 
ment were  noted. 

The  influence  of  extraneous  disturbances  on  the  formation 
decrement,  which  may  be  produced  by  the  ruptured  diaphragm  and  the 
diaphragm  breaker  plunger,  were  also  investigated.  The  broken  cello- 
phane diaphragm  has  a shredded  edge  which  produces  a discontinuity  at 
the  origin.  In  order  to  emphasize  this  property,  protruding  sheet  metal 
frames  were  introduced  at  the  diaphragm  station,  and  their  effects  on  the 
formation  decrement  were  observed.  Similarly;  the  diaphragm  breakers 
were  installed  upstream  and  downstream  of  the  diaphragm  station,  under 
identical  conditions,  and  the  effects  produced  on  the  shock  velocity  were 
noted. 


Finally,  to  study  the  distance  attenuation,  the  shock  velocities 
were  measured  continuously  over  a 12-inch  length  at  distance  intervals  bet- 
ween 0 and  142  inches  (0  to  50  tube  widths)  from  the  diaphragm  station. 

The  range  of  diaphragm  pressure  ratio  was  simultaneously  varied  over  the 
range  1<  -6=.  10,  000.  (On  the  graphs  that  follow  x is  the  distance  from 

the  diaphragm  station  to  the  centre  of  the  12-inch,  schlieren  beam.) 

It  is  likely  that  a shock  tube  with  poorly  aligned  compartments 
and  non-uniform  cross-sections  could  alter  both  the  formation  decrement 
and  the  distance  attenuation.  The  present  tube  was  therefore  designed  and 
constructed  with  utmost  care  and  accuracy  to  ensure  that  faulty  construction 
and  poor  alignment  would  not  contribute  significantly  to  shock  wave  attenu- 
ation. 


The  arrangements  of  the  wave  interaction  tube  that  were  uti- 
lized during  the  attenuation  experiments  are  shown  on  plate  13.  The  results 
obtained  ly  introducing  the  above  variable  initial  conditions  will  be  dis- 
cussed in  some  detail  in  the  following. 
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It  was  found  early  in  the  course  of  the  experiments  that  the  number 
type  and  combination  of  diaphragms  had  a definite  effect  on  the  shock  wave  ve- 
locity. Closest  agreement  with  theory  resulted  from  diaphragms  that  completely 
shattered  and  left  as  little  material  as  possible  at  the  diaphragm  station.  This 
occurred  when  the  diaphragm  was  loaded  close  to  its  static  breaking  strength. 
When  diaphragms  of  unequal  thickness  were  used,  it  gave  rise  to  one  breaking 
ahead  of  the  other  (see  plate  16(b)  ),  Two  MSC  300  diaphragms  were  used  to 
obtain  the  record  shown  on  plate  16(a).  Although  here  both  diaphragms  are 
identical,  again,  one  has  broken  before  the  other.  In  order  to  determine  the 
effect  of  this  poor  break  on  the  shock  velocity  a set  of  measurements  were 
taken  at  33  inches  from  the  diaphragm.  The  results  obtained  are  shown  on 
figure  59  and  are  seen  to  be  completely  unreliable  for  calibration  purposes. 
Therefore  only  MSTL  600  diaphragms  were  used  throughout  in  combination 
or  singly.  The  runs  with  A P = 100  mm.  Hg.  are  an  exception.  Here  single 
MSC  300  diaphragms  were  utilized.  Table  8 gives  the  static  breaking  strengths 
of  various  diaphragm  combinations  employed  for  this  tube.  Figure  60  shows 
the  variation  of  with  for  a constant  chamber  pressure  p^  = 1500  mm. 

Hg.  and  A p = 500  mm.  Hg.  at  a distance  x = 12  inches.  It  is  seen  that  the 


TABLE  8 

A COMPARISON  OF  VARIOUS  DIAPHRAGM  COMBINATIONS  ON  THE  BASIS 
OF  THEIR  APPROXIMATE  STATIC  BREAKING  STRENGTH. 


DIAPHRAGM  COMBINATION 

RUPTURING  PRESSURE 
DIFFERENCE  (in  mm.Hg.) 

One  CIL  MSC  300  0.  001  inch  red  coloured 

cellophane 

450 

Two  CIL  MSC  300  0.001  inch  red  coloured 

cellophane 

740 

One  CIL  MSTL  600  0.  0025  inch  "red  zip" 

cellophane 

1300 

One  CIL  MSC  300  0.  001  inch  cellophane  and 
one  CIL  MSTL  600  0.0025  inch  "red  zip" 
cellophane 

1550 

Two  CIL  MSTL  600  0.0025  inch  "red  zip" 

cellophane 

2500 

Three  CIL  MSTL  600  0.  0025  inch  "red  zip" 

cellophane 

3700 
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two  curves  are  essentially  similar.  Good  agreement  with  theory  is  noted  up 
to  = 100,  Above  this  value  the  formation  decrement  becomes  progres- 
sively greater.  Since  no  apparent  changes  were  noted  by  maintaining  a cons- 
tant chamber  pressure,  it  was  concluded  that  its  influence  was  small.  There- 
after a constant  chamber  pressure  was  not  utilized  as  a basic  condition. 

Figure  61  shows  the  effect  of  diaphragm  loading  (Ap  = 1000, 

500  and  100  mm.  Hg. ) on  shock  wave  attenuation  at  x = 33  inches.  It  is 
seen  that  for  low  P4j  the  effect  of  AP  is  not  very  marked.  For  high  values 
of  P^  the  diaphragm  with  the  greatest  loading  gives  the  smallest  formation 
decrement  over  the  tested  range  of  P41.  The  maximum  ^ for  each  of  the 
three  curves  was  limited  by  the  low  channel  pressures.  For  example,  for 
Ap  = 100  mm.  Hg.  it  was  necessary  to  use  channel  pressures  of  1.0  and 
0.  5 mm.  Hg.  in  order  to  obtain  a value  of  P^  of  100  and  200  respectively. 

In  addition,  the  diaphragm  could  not  be  loaded  near  its  static  breaking 
strength  for  Ap  = 100  mm.  Hg.  As  a result  the  diaphragms  split  rather 
than  shattered.  This  effect,  along  with  the  high  kinematic  viscosity  in  the 
channel  resulted  in  a greater  formation  decrement  at  relatively  low  values 
of  P41  when  Ap  = 100  mm.  Hg. 

It  should  be  noted  that  the  curve  for  Ap  = 500  mm.  Hg.  has  a 
lower  shock  wave  formation  decrement  at  x = 33  inches  (figure  61)  than  at 
x = 12  inches  (figure  60)  in  the  range  10^  “ P41  ~ 10 3.  This  confirms  the 
representation  on  figure  56(b),,  that  is,  the  shock  wave  does  not  reach  its 
optimum  velocity  close  to  the  diaphragm  for  high  values  of  P4l.  It  should 
be  emphasized  that  the  exact  position  (x)  of  minimum  formation  decrement 
has  not  been  established,  but  it  lies  between  x = 12  and  33  inches  from  the 
diaphragm  station  over  the  range  of  covered  here.  Plate  14  (w)  also 
shows  that  for  P41  = 501  the  shock  wave  is  accelerating,  and  its  trace  is 
still  curved  at  x = 12  inches,  which  means  a longer  formation  length  atbL^i.1^. 
The  results  of  figure  60  were  taken  from  the  straightest  portion  of  the 
shock  path  close  tp  x = 12  inches.  However,  the  shock  path  curvature  at 
high  values  of  p41'  could  possible  introduce  some  error  in  the  measurement 
of  W11  near  the  diaphragm.  The  results  for  x = 50  appear  on  figure  62. 

It  is  seen  that  these  values  do  not  differ  markedly  from  those  of  figure  61. 
Over  the  range  1 ~ P41  ~ 10^,  the  total  wave  attenuation  changes  very  little 
with  Ap  = 500  and  1000  mm.  Hg.  This  indicates  that  as  long  as  the  dia- 
phragm is  loaded  to  give  a "clean"  break,  the  resulting  shock  speed  can  be 
expected  to  be  very  consistent.  If  Ap  is  large,  then  the  channel  pressure 
(Pj)  is  correspondingly  high  for  a given  This  is  especially  desirable 
for  szlO^  in  order  to  reduce  the  kinematic  viscosity  which  contributes 
very  considerably  to  the  total  attenuation. 

Figure  62  also  shows  the  effects  of  introducing  extraneous  dis- 
turbances into  the  flow’.  A frame  of  sheet  aluminum  foil  was  placed  at  the 
diaphragm  station  with  a cut-out  2 1/2  inches  square  in  the  centre,  such 
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FIGURE  61 
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that  l/4  inch  of  the  rigid-foil  protruded  into  the  interior  of  the  tube  on  all 
sides.  This  simulated  the  effects  of  a poor  diaphragm  break  or  an  area 
discontinuity  at  the  origin.  The  introduction  of  such  a discontinuity  appears 
to  have  a very  small  influence  on  over  the  given  range  of  P41. 


The  effect  of  placing  the  diaphragm  breaker  (figure  52)  upstream 
or  downstream  of  the  origin  is  also  shown  on  figure  62.  No  discernible 
change  is  noted  up  to  % = 2000,  the  maximum  diaphragm  pressure  ratio 
tested.  Therefore  it  may  be  concluded  that  these  types  of  obstructions  have 
a negligible  effect  on  the  final  wave  speed.  From  the  above  it  may  be  in- 
ferred that  the  particles  of  cellophane  will  also  have  a secondary  effect  on 
the  shock  velocity.  This  does  not  exclude  the  possibility  that  these  obstruc- 
tions will  give  rise  to  diffracted  shock  waves  and  vortices  which  may  in  turn 
affect  the  uniformity  of  the  two  states  separated  by  the  contact  front. 


Figures  61  and  62  also  show  that  as  long  as  the  diaphragm  is 
reasonably  stressed  ( 1 / 2 or  1/3  ultimate  breaking  load),  it  does  not  affect 
the  trend  in  the  total  wave  attenuation  at  a given  x.  As  a result  it  may  also 
be  inferred  that  the  contribution  of  the  energy  from  the  shattered  diaphragm 
to  the  flow  is  not  significant. 

In  order  to  establish  the  profile  of  the  formation  decrement  with 
Ifa,  the  results  of  figures  61  and  62  were  extended  up  to  P42  = 10,  000.  In 
addition,  these  experiments  were  also  enlarged  to  include  the  lengths  of  x = 
101  and  136  inches.  This  provided  the  basis  for  the  determination  of  the 
distance  attenuation  as  well.  The  combined  results  appear  on  figure  63. 


It  is  seen  from  figure  63  that  for  weak  waves  the  formation  dec- 
rement and  the  distance  attenuation  are  absent.  For  strong  waves,  the  for- 
mation decrement  increases  with  P4i.  The  "dashed"  curve  shows  the  atten- 
uation that  would  be  produced  as  a result  of  variable  specific  heat.  The 
curve  was  computed  by  the  method  outlined  in  section  1.06.  It  accounts  for 
a very  small  portion  of  the  experimental  attenuation  eveti  at  very  high  P41. 
Thus  figure  63  confirms  the  graphic  representation  of  the  total  attenuation 
for  strong  shocks  given  on  figure  56  (b). 

In  the  present  experiments  it  was  necessary  to  use  a channel 
pressure  p^  = 0.4  mm.  Hg.  in  order  to  obtain  a diaphragm  pressure  ratio 
P41  = 10,  000.  A low  p^  means  a correspondingly  high  kinematic  viscosity 
( i/j ) behind  the  shock  wave.  The  dimensional  analysis  of  this  problem 
showed  that  and  x were  two  very  important  quantitites  affecting  the  dis- 
tance attenuation  and  similarly  2^ could  also  be  expected  to  influence  the 
formation  decrement.  These  points  are  clearly  brought  out  on  figure  63. 

In  order  to  obtain  an  empirical  relationship  for  the  shock  wave 
attenuation  results,  it  was  decided  to  approximate  the  theoretical  curves 
and  the  experimental  values  by  straight  lines  as  shown  on  figure  64,  An 
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examination  of  these  linear  approximations  show  that  they  describe  the 
theoretical  and  experimental  results  quite  well  over  the  entire  range 
plotted  on  figure  64.  The  ratio  ( BMC  ) of  the  experimental  (mx)  and 
theoretical  (m^)  slopes  were  plotted  against  x and  yield  a power  curve 
of  the  form  (see  Appendix  B), 

-2g-  = o.996  a:-0282  (5'07> 

This  relation  predicts  the  slope  oi  the  line  which  approxi- 
mates the  experimental  wave  attenuation  for  any  tube  lengthX.  Since 
each  experimental  line  has  the  same  intercept  on  the  ^ axis  (approxi- 
mately 1.2),  the  family  of  lines  may  now  be  expressed  as 

Log  P41  = 1.334  X*  0282  (WU  - 1)  + 0.  0792  (5.08) 

or  within  present  approximation 

Log  P41  = 1.33X’  (Wu  - 1)  + 0.08  (5.09) 

Although  equation  5.08  describes  the  total  wave  attenuation 
in  the  3 inch  x 3 inch  wave  interaction  tube  under  the  given  initial  con- 
ditions, over  the  range  of  P41,  it  was  desirable  to  find  a general  rela- 
tion that  would  be  applicable  to  any  shock  tube.  The  first  attempt  in 
this  direction  was  to  follow  the  approach  of  approximating  the  shock 
tube  flow  in  region  (2)  by  a flow  resulting  from  a tube  which  is  started 
impulsively  from  rest,  as  outlined  previously. 

In  the  present  case,  the  analysis  was  applied  to  a square  tube 
of  areA  A,  (figure  65),  since  the  wave  interaction  tube  has  this  type  of 
cross-section.  Primarily,  it  is  required  to  find  the  set  of  differential 
equations  and  the  initial  and  boundary  conditions  for  this  type  of  flow. 

For  a viscous,  incompressible  fluid  wihout  heat  transfer,  where  the 
conditions  are  equivalent  at  any  station  X along  the  flow,  the  equation 
of  motion  is  the  only  one  of  importance. 


Thus  the  differential  equation  governing  the  flow  for  u-  = 
u (z,  y,  t)  is: 


7>U  _ + ^U\ 


The  initial  and  boundary  conditions  are: 

u ( z,  y,  o ) = U£  for  o < z < zQ, 


u (o,  y,  t) 
u (z,  o,  t) 
u (zQ,  y,  t) 

u ( z>  y0«- 4) 


= 0 


(5.10) 

° < y < y0 

for  t > 0 
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FIGURE  65 


COORDINATE  SYSTEM  FOR  A SQUARE  TUBE 


The  solution  of  this  equation  with  the  given  initial  and  boundary 
conditions  is  known  from  the  theory  of  heat  conduction  (ref.  59  and  appendix  B) 
and 


A a.  7. 


ii) 


2 2 

For  a square  tube  zQ  = yQ  = A or 

-k=f'f’  -7-.  0-  ^0  *)(,- brr)  e' 202^,*™?  (5'12) 
Hi  St  Ot  abw  ' ?>  f* 

At  time  t - 0 the  mass  flow  m.  = bu.z  y„ 

1 V 1 o o 

At  any  other  time  t,  the  mass  flow  m = j j jou  dq  dy 

o o 
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Thus  the  mass  flow  ratio 
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m v t 

The  variation  of  — with  the  time  parameter  — is  plotted  on 

figure  66.  * 

It  can  be  shown  that  the  analagous  problem  for  a flat  plate 
over  which  a flow  is  started  impulsively  from  rest  has  the  solution  (see 
ref.  65  ): 


JL  = £Kf 

Hi 


where 


i/vt 


(5.14) 


X a 

-r2 


erf  x - -3=  r e~  dr 

W { 

By  definition  the  boundary  layer  displacement  thickness  is  given  as. 

s*=  fa-%)dy 

O v 

and  a substitution  of  (5.  14)  yields 


(5. 15) 


For  a cylindrical  shock  tube  of  radius  R,  if  it  is  assumed  that  the  defect 
in  mass  flow  is  due  to  the  displacement  thickness,  then 


nn  _ m\.  — Add  _ i Am  t 2 &* 

mi  ~ ^ ~ ' mi  ~~  R 


Substituting, ( 5. 15)  results  in 


(5.16) 


This  two-dimensional  or  asymptotic  result  compares  very  well  with  the 
present  three-dimensional  analysis  over  the  entire  range  of  ~^-l-  plotted 

on  figure  66.  Strictly  speaking  this  relation  (5. 16)  is  only  valid  when 
V t or  g * is  very  small,  otherwise  the  initial  assumptions  are  violated. 
Nevertheless,  the  agreement  with  equation  (5.  13)  is  good  even  when  g * 
is  large.  Figure  66  also  shows  that  the  two  relations  become  identical 
when  -^LL  o. 
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If  the  assumption  is  now  made  that  the  boundary  layer  produced  between  the 
contact  front  and  the  shock  wave  is  identical  to  boundary  layer  produced  in 
the  Rayleigh  problem,  then  the  above  relations  may  be  applied  to  a shock 
tube  in  the  following  manner: 


The  initial  mass  flow  behind  the  shock  wave  is  free  from 
boundary  layer  effects  and  is  given  by 


mi  = ip  2 u2)  i A 


or  for  air 


mi 


= wj&(p») i £rr  . ' = f <5-17' 


where 


C , a,  A VT 

n(R)=  Rl~' 


(R»)i 


J7 


l&Pu  + l 


Any  subsequent  mass  flow  is  given  by 


m 


p,  Q,  A P21 

rp  _ n ( I^i) 


6 4 1 


yr 


n (p21) 


(5.  18) 


Thus  * - jp",'.  = 4 X (1  - cosa  7T  )2  (1-cos  bw? 

i a-.  Qx  t)*  7TA  e (5.19) 


This  is  the  relation  which  is  shown  in  figure  66.  The  variation  of  the 
function  nfPgj)  with  appears  in  figure  67.  If  the  viscosity  is  assumed 
to  vary  with  the  temperature  in  a manner  given  by 

y.  t0.76 
yM-  o<  T 

Then  , 1.76 

W (T21)  V<  • x 

A * P2i  wj  A (5.20) 

x 

where  t — — , if  the  total  attenuation  is  neglected.  For  a linear 

variation  of  the  viscosity  with  temperature,  then  (see  ref.  21) 

Vx  ~i~  —'$1  + &\  (Rl)i  (8*21) 

A [e(P4  + /]"5  a,  A 

Equation  (5.21)  is  suitable  only  for  weak  shock  waves, 
that  is,  T2i  -*-l,  as  a result  equation  (5.20)  was  employed  throughout 
the  present  calculations. 
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The  actual  values  of  which  existed  in  the  present  experi- 

ments  for  each  length  x,  were  computed  from  equation  (5.20)  and  the  given 
initial  conditions.  The  results  for  x ~ 136  inches  are  listed  in  table  9,  which 
is  the  extreme  case  of  one  attenuation  problem  considered  here.  Values  of 

= n were  then  found  from  figure  66,  and  n (Poi ) was  determined. 

mi  nPffTT 

In  turn  P21  could  be  ascertained  from  figure  67.  The  results  from  the  vis- 
cous  flow  analysis  are  plotted  on  figure  68  along  with  those  obtained  exper- 
imentally and  the  Rankine-Hugoniot  curve.  In  order  to  obtain  better  graphi- 
cal accuracy  for  this  purpose  figure  69  was  drawn,  and  the  experimental 
curve  on  figure  68  was  constructed  from  this  figure. 


A study  of  figure  68  shows  that  this  type  of  analysis  over-empha- 
sizes  the  effect  of  the  boundary  layer  for  strong  shock  waves,  since  it  was 
assumed  of  uniform  thickness,  between  the  shock  and  the  contact  front. 
Agreement  between  the  above  analysis  and  experiment  is  very  good  only  at 
low  values  of  (<  200)  when  the  time  para.meter  JZ2lL.  is  small,  i.  e.  , 


when  the  boundary  layer  is  thin.  In  this  range  the  experimental  results  are 

in  better  agreement  with  the  viscous  flow  analysis  than  with  the  Rankin- 

Hugoniot  values.  For  % > 200  the  attenuation  predicted  by  the  present 

analysis  becomes  progressively  greater  with  increasing  P^.  (The  inflection 

point  which  occurs  at  P41  ~ 3000  is  due  to  the  increasing  value  of  2^.2}. } 

A 


which  comes  about  from  the  low  channel  pressures  used  at  high  P41).  Al- 
though this  was  a distance  attenuation  analysis,  it  is  seen  that  the  results 
for  x « 3'3  inches  are  already  far  too  great,  and  here  the  main  effect  is 
really  due  to  the  formation  decrement. 


Thus  the  viscous  analysis  follows  the  experimental  results  in 
the  range  of  P41  where  M2  3?  1.  However,  in  this  range  the  experimental 

values  of  were  also  very  small  (about  10~^).  Therefore,  m ~ m^, 

A 


and  the  distance  attenuation  would  be  negligible.  Hence  it  should  not  be 
misconstrued  that  agreement  is  good  in  the  incompressible  range  only,  but 

■ (strong 


that  the  total  attenuation  is  small  for  weak  waves.  For  large 


A 


shocks)  the  flow  obtained  from  the  Rayleigh  analysis  really  ceases  to  be  a 
boundary  layer  flow  since  the  velocity  distribution  profile  extends  to  the 
centre  of  the  tube.  It  is,  therefore,  really  a non-stationary  "pipe  flow"  (see 
equation  5. 13)  and  is  somewhat  analagous  to  the  Poiseuille  flow  for  the 
stationary  case.  Thus  an  analysis  of  this  type  would  lend  itself  better  to 
small  diameter  tubes.  (This  was  shown  partially  in  reference  21  for  a 0.4 
inch  diameter  tube  over  the  limited  range  of  1.  8<  P4,  < 2.0). 


Since  the  Rayleigh  incompressible  analysis  proved  inapplic- 
able when  _^2 — was  large,  an  attempt  was  made  to  utilize  the  actual 
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total  attenuation  results  (figure  69)  in  a more  realistic  approach  to  the  prob- 
lem based  on^a  reasonable  physical  model.  It  was  assumed  that  even  at  large 
values  of  — , the  flow  still  consisted  of  a viscous  boundary  layer  defined 


by  a displacement  thickness  g *,  and  a core  of  inviscid  flow.  The  boundary 
layer  thickness  varies  with  X at  a given  t between  the  shock  and  the  contact 
surface.  But  it  was  assumed  that  the  boundary  layer  thickness  at  the  contact 
front  controlled  the  defect  in  mass  flow,  which  in  turn  affected  the  shock 
speed.  The  mass  flow  ratio  was  then  only  dependent  on  the  initial  and  final 
strength  of  the  shock  wave  or  ^ ^ 1^1^) may  found  from 

figure  67.  Suppose  that  at  the  contact  front  the  mass  defect 


Am  = £>2U2  AA  - (p2  U2  D 

where  g*  = boundary  layer  displacement  thickness  at  the  contact 

front 

D 1 perimeter  of  shock  tube 


Then,  for  a square  tube  (see  fig-  65) 

m _ . 4 S * 


S* 


m 

mi 


) 


(5.22) 


The  assumption  whether  g * is  the  displacement  thickness  at 
the  contact  front  may  be  questioned.  It  may  be  argued  that  it  is  really  a 
fictitious  thickness  not  varying  with  X (and  p and  U2  are  constant  withx), 
such  that  it  accounts  for  the  observed  mass  defect.  Nevertheless,  if  the 
control  of  the  mass  flow  is  assumed  to  result  at  the  contact  front,  in  a 
manner  analagous  to  the  motion  of  a piston,  then  the  definition  of  g * is 
not  unreasonable  if  and  U2  are  defined  as  the  values  at  the  contact  front 
only  and  may  vary  everywhere  else.  However,  g * could  possibly  be 
checked  experimentally,  say  by  interferometric  means,  to  verify  the 
validity  of  the  definition. 


By  using  the  .experimental  results  of  figure  69,  it  is  possible 
to  find  the  actual  P21  for  any  at  any  given  length  (X).  From  figure  67 
n (P21)  and  n (P22.).  are  found,  and  n (%)  / n (F^ji^  = is  computed. 

Thus  g * can  be  determined  from  equation  (5.22),  and  a family  of  such 
curves  of  g*  vs  X for  varying  M2  appears  on  figure  70,  and  of  g * vs 
V2^ 

J-JL. — appears  on  figure  71. 


It  is  seen  that  fct  the  higher  values  of  M2  (or  P2^),  the  rela- 
tion between  g * and  X or  g*  and  iiiL.  is  linear.  However,  as  M2 
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is  decreased,  there  is  considerable  scatter,  and  below  M2  = 1.29  the  scatter 
was  too  large  to  warrant  a plot.  This  is  brought  about  by  the  fact  that  the 
straight  line  approximations  approach  the  actual  curves  and  the  distance  be- 
tween them  is  difficult  to  measure  accurately  (see  fig.  69). 


It  should  be  noted  that  the  variation  of  S*  with  x for  constant  M2> 
amounts  in  these  particular  experiments  to  keeping  y 2 constant,  because  the 
same  initial  conditions  were  maintained  for  each  length  (X).  The  dimensional 

analysis  and  the  Rayleigh  flow  pointed  to  the  basic  importance  of  . 

Therefore,  since  in  this  modified  approach  g*  was  found  to  be  linear  with  X, 

it  may  be  assumed  that  for  a given  M2  and  1^2,  S 


Therefore 


ds  * y 2. 


A 


A w. 


dX  ' w,  a 


and  this  slope  should  decrease  considerably  with 


decreasing  M^  or  w^  because  V 2 decreases  more  rapidly  than  w^,  (see  table 
9 for  values  of  w^  and  This  is  not  the  case  on  figure  70  and  perhaps  may 

be  due  to  the  large  scatter  at  lower  M2  for  decreasing  -A11  approximate 

for  all  M2  was  found  to  be  0.  0004.  This  figure  is  indicative 


value  for 


_d_£- 

da 


of  a trend  and  should  not  be  taken  as  a finally  determined  quantitative  value 
over  the  range  1.  3 < M2  < 1.5.  For  stationary  flow  ~j as  obtained  from 

the  study  of  two-dimensional  wind  tunnel  nozzles  (see  references  66  and  67), 
is  about  tenfold  the  present  value. 


Figure  71  shows  the  variation  of  £ * with  ^_2i 


t 


for  different  M, 


(F^l  or  Wjj).  It  is  seen  that  although  the  points  may  again  be  approximated 
by  straight  lines,  the  lines  have  very  rapidly  increasing  slopes.  This  is  due 
to  the  fact  that 

ds*  = d_S\  us,  /j 

d yy /A  dx  yz 

dLSJL  was  found  to  be  nearly  constant.  The  parameter  w.A  does  not  change 

. ,1  . . . . . .a  Q '‘e 


tooXmuch  with  M2  and  y 2 decreases  much  more  rapidly  tlian 
increases 


d-S; 

d X 


w-jA 


Therefore  the  slopes  of  the  lines  of  constant  M for  g * vs 

u 


A 


t 


will  increase  with  decreasing  M2  for  the  present  experiments.  This  figure 
really  restates  the  information  given  on  figure  70,  but  not  as  clearly. 


From  figure  70  it  appears  that  if  the  straight  lines  were  extended 
towards  the  origin,  then  a large  portion  of  g*  is  composed  of  the  formation 
decrement.  The  decrement  increases  with  M0  or  \J  , and  this  is  quite  sensible. 

The  displacement  thickness  growth  ( exhibits  an  almost  constant  value, 
although  an  increase  with  V ^ would  have  been  more  reasonable.  The  graph 
does  illustrate  that  for  strong  shock  waves  there  is  a formation  decrement 
followed  by  a distance  attenuation  which  together  make  up  the  total  wave  at- 
tenuation. As  the  wave  grows  weaker,  the  formation  decrement  becomes 
smaller,  and  the  distance  attenuation  from  figure  69  remains  almost  constant. 
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However,  since  only  four  distances  are  available  on  the  graph  to  cl^eck  the 
distance  attenuation,  the  latter  point  can  not  be  considered  completely  con- 
clusive. Additional  points  for  50  <X  < 150  are  required  to  establish  uniquely  j 
the  shape  of  the  lines.  Nevertheless,  the  results  appear  consistent  for  the  j 
high  M2  values.  i 

i 

Figure  72  shows  the  variation  of  $*  withXfor  M2  = 1.52. 

The  experimental  curve  is  taken  from  figure  70.  By  using  the  experimental 

values  of  2 — it  is  possible  to  calculate  the  values  of  ~~  for  the  exact 
A mi 

and  the  two-dimensional  (asymptotic)  solutions  from  figure  66.  For  com- 
parison the  valups  of  g*  is  then  computed  from  equation  (5.22),  and  these 
are  also  shown  on  figure  72.  It  is  seen  that  both  theoretical  predictions 
from  the  Rayleigh  approach  give  values  of  g * which  are  about  twofold- 
greater  than  the  experimentally  based  8*  > and  -4^*  is  about  threefold 
greater.  The  variation  of  8 * withX,  really  restates  the  results  shown 
on  figure  68,  that  is,  that  the  Rayleigh  analysis  overestimates  the  viscous 
effects.  The  experimentally  based  8 * 32  0.  l inches  at  12  feet  from  the 
diaphragm  appears  reasonable,  whereas  the  viscous  result  of  0.  3 inches 
is  too  large. 

v/  2 

In  the  present  case  it  was  shown  that  for  a constant  — *, 

dg*  W1A 

appeared  linear  for  the  high  Mach  numbers.  This  might  be  checked 

experimentally,  in  the  following  manner.  At  a given  time,  the  shock  and 
contact  front  will  have  definite  positions  in  the  shock  tube,  for  a set  of 
initial  conditions.  It  is  suggested  to  measure  the  boundary  layer  thickness 
(S  ) at  a number  of  X's  for  the  given  t.  A plot  of  8 vs.  X would  yield  8 
at  the  contact  surface.  If  the  velocity  profiles  were  known,  then  g * 
would  be  found. 

Since  g *cx  , it  would  also  be  essential  to  conduct  a j 

series  of  experiments  at  a fixed  diaphragm  distance  (x)  and  wave  speed  ( 

(WjJ  but  variable  kinematic  viscosity  2)  > *n  order  to  determine  the  j 

effect  of  1/  2 on  total  wave  attenuation.  The  influence  of  the  shock  speed 
(Wj)  could  also  be  checked  by  varying  the  initial  conditions  such  that 

was  a constant  and  w^  was  varied  over  the  range.  These  points 
will  be  the  subject  of  further  study. 


Figure  73  shows  the  results  of  reference  7 and  8 as  compared 
with  the  present  work.  For  a distance  of  approximately  two  feet  from 
the  diaphragm  there  is  close  agreement  with  the  data  of  reference  7 over 
the  range  covered.  The  shock  tube  utilized  in  reference  7 had  a cross- 
section  of  2 inch  x 7 inch,  approximately  of  the  same  order  as  the  present 
tube.  However,  in  reference  8 for  a 1-inch  diameter  tube,  the  results 
agree  only  at  the  low  values  of  P4l  (small  -^2. — ),  and  the  deviation  for 
P4I  >4  becomes  increasingly  large  (since  was  about  tenfold). 
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Figure  74  compares  the  present  results  with  those  of  reference  7 
at  a distance  of  10  and  11  feet  from  the  diaphragm,  There  is  close  agreement 
at  low  At  the  higher  values  of  the  attenuation  is  slightly  greater  for 

the  experiments  of  reference  7,  since  somewhat  higher  values  of  had 

to  be  utilized  for  a corresponding  P^.  This  was  due  to  the  fact  that  the 
chamber  pressure  had  to  be  kept  to  about  two  atmospheres  on  the  welded  tube. 
However,  the  results  fit  the  present  empirical  relation  (equation  5.09)  shown 
as  a "dashed"  line.  Therefore,  this  indicates  again  that  for  tubes  in  which 

— is  kept  constant,  the  distance  attenuation  depends  only  onX9  If,  in 

addition,  is  of  the  same  order  as  in  the  present  results,  then  equation 

wjA 

(5*09)  describes  tfre  total  attenuation  quite  well  for  any  other  shock  tube. 

Equation  (5.09)  is  also  plotted  on  figure  73  for  the  values  given  in 
reference  8.  In  this  case  the  agreement  is  not  good  since  ^jj~  is  about  tenfold 

the  present  values,  due  to  the  small  cross-sectional  area  A. 

A computation  of  S*  (equation  5.22)  from  the  results  of  reference 
7,  for  X = 10  feet  at  M2  = 1.37  shows  good  agreement.  For  M2  = 1.29  where 
scatter  occurs,  this  value  is  greater.  These  points  are  shown  on  figure  70. 

A similar  calculation  of  the  results  of  reference  8 gave  a value  in  excess  of 
the  scale  used  here  and  agrees  with  the  previous  remarks  that  the  viscous  flow 
analysis  would  be  applicable  to  small  shock  tubes. 

Table  9 is  a summary  of  the  important  variables  for  X = 136 
inches  , where  the  total  attenuation  was  greatest,  It  is  seen  that  to  obtain 
high  values  of  P2p  it  was  necessary  to  use  low  channel  pressures’.  This  in 
turn  produced  relatively  high  values  of  ^l-o  Therefore  -^—-  increases 

with  increasing  wave  speed  or  Mach  number  M2.  The  time  (t)  will  de- 
crease with  increasing  wave  speed,  but  V2  increases  at  a much  faster  rate 
so  that  the  product  -^2.--  is  a?1  increasing  function  of  The  Reynolds 

number  per  foot  wm  decrease  with  increasing  P21  due  to  the  more  rapid 
increase  of  V2,  as  compared  with  u2,  and  effectively  restates  the  greater 
viscous  effects  at  lower  Reynolds  numbers,  that  is,  theoretically  for  the  two- 

dimensional  case  g*  oc  for  a laminar  boundary  layer.  The  values  of 

'J  Re 

g*  which  were  used  to  plot  the  curves  on  figure  70  are  also  given.  The  di- 
mensional analysis  indicated  that  for  a given  gas  |j-  = ) 

and  this  is  confirmed  in  the  present  table  for  8 *.  Thus  S * increases  with 
increasing  M and  ~ and  decreasing  Re. 

In  conclusion  it  may  be  stated  that  to-date,  the  boundary  layer 
effect  on  shock  wave  attenuation  has  not  been  settled  either  theoretically  or 
experimentally.  The  incompressible  viscous  flow  analysis  of  reference  21 
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was  not  adequately  supported  by  experimental  evidence,  owing  to  the  minute 
range  of  P41  (1.8  to  2.0),  that  was  covered  in  a small  tube  of  0.4  in.  diameter 

specifically  used  to  give  a high  value  of  . The  results  are  therefore  inade- 
quate because  the  parameter  was  not  fully  tested  over  a range,  say  of 

1±  P#  ± 10,  000. 

Another  attempt  has  been  made  in  reference  58  to  determine  the 
effect  of  the  boundary  layer  on  distance  attenuation  in  a shock  tube  with  smooth 
and  rough  walls.  In  this  case,  Karman's  analysis  of  the  steady  boundary  layer 
was  used  by  defining  a somewhat  arbitrary  distance  X to  correspond  to  the  lead- 
ing edge  distance,  in  an  effort  to  obtain  some  theory.  The  results  are  not 
satisfactory,  and  a far  greater  distance  attenuation  is  predicted  than  was 
actually  obtained.  Here  as  well,  the  range  of  P21  (1.5  to  6)  is  only  a very 
small  portion  of  the  range  covered  here.  In  this  low  range  of  P2 j , for  a 
smooth  shock  tube  of  large  area,  little  attenuation  of  any  kind  takes  place. 

It  is  the  high  shock  strength  range  that  is  of  importance  from  the  point  of 
view  of  large  total  attenuation. 

Numerous  investigations  on  distance  attenuation  and  resulting 
empirical  relations  have  also  been  reported  in  references  18,  19,  46,  56  and 
63.  However,  there  is  no  unifying  theory  to  explain  all  these  results. 

In  a later  report  an  attempt  will  be  made  to  extend  the  present 
analysis  of  a flow  started  impulsively  from  rest  in  a tube,  by  solving  the 
compressible  viscous  flow  equations  in  a manner  similar  to  that  outlined  in 
references  60,  .61,  62  and  63.  The  compressible  displacement  thickness 
could  then  be  computed.  This  analysis  would  be  more  realistic  for  shock 
tube  flows.  However,  in  view  of  the  fact  that  S^OMf>>8  for  a flat 

plate,  very  little  improvement  can  be  expected  since  the  theoretical  S'  * 
is  already  far  too  large. 

It  appears  that  the  weakness  in  these  analyses  lies  in  equating 
the  mass  flow  from  the  shock  tube  (equation  5. 19)  which  exists  over  a finite 
length  and  a non- uniformly  growing  boundary  layer  (over  this  length)  with 
an  analysis  for  an  infinite  tube  and  a uniformly  growing  boundary  layer. 

A new  approach  certainly  appears  as  a necessary  step. 


5.04.  Contact  Front  Velocity  Measurements. 

It  was  pointed  out  in  section  1,  that  theoretically  the  transition 
through  the  contact  front  involves  the  solution  of  a set  of  non-linear  dif- 
ferential equations  in  heat  conduction.  The  solution  indicates  that  the  con- 
tact front  is  a phenomenon  which  grows  in  time  due  to  the  molecular  trans- 
port of  heat.  As  a result,  the  advance  of  the  front  of  the  contact  region  is 
4 

% 


1 


/ 
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more  rapid  than  the  rear  boundary  (see  reference  68  where  this  problem 
is  treated  theoretically  and  experimentally). 

In  a real  flow  (plates  1 and  14)  the  contact  front  which  is  ob- 
tained from  the  bursting  diaphragm  is  very  thick  and  irregular  in  appea- 
rance on  a schlieren  or  interferometer  record.  Nevertheless,  the 
discontinuity  in  the  density  derivative  of  the  front  of  the  contact  region 
nearly  always  appears  on  a schlieren  photograph  of  the  (x,  t)-plane.  For 
high  P41  values  the  rear  discontinuity  in  the  density  derivative  of  the  con- 
tact region  merges  with  the  rough  and  eddying  flow  of  state  (3),  and  is 
very  difficult  or  impossible  to  discern.  Under  the  same  conditions  it  is 
often  not  possible  to  measure  the  front  of  the  contact  regions  since  the 
densities  p ^ and  (O  g are  very  small. 

Figures  76  to  79  show  the  variation  of  the  speed  of  the  front 
of  the  contact  region  (or  the  initial  particle  velocity  U21)  with  P41  and  X. 
Figure  76  exhibits  the  best  agreement  with  theory  when  X = 12  inches,  and 
when  a constant  chamber  pressure  P4  = 1500  mm.  Hg. , or  when  a pressure 
difference  ^p  = 500  mm.  Hg.  was  used.  Figures  77  and  78  correspond  to 
figures  61  and  62  for  the  shock  wave  velocity  measurements.  However,  as 
Py.  and  X increase,  this  time  the  contact  front  velocity  becomes  increas- 
ingly larger  than  predicted  by  the  theory.  Figure  77  has  some  points,  when 
the  diaphragm  plunger  was  in  the  chamber  and  the  channel  flow  completely 
unobstructed.  No  changes  are  noted  in  the  results. 

Figure  79  corresponds  to  figure  63  for  the  shock  velocity 
measurements.  The  combined  results  clearly  show  the  marked  trend 
of  an  increasing  deviation  from  theory  in  the  form  of  a contact  front  ac- 
celeration or  speed  up.  An  attempt  was  made  to  obtain  a relation  for  the 
contact  front  of  the  form  of  equation  (5.  09).  This  did  not  prove  success- 
ful owing  to  the  non-linearity  of  the  results. 

The  contact  surface  results  may  be  summarized  graphically 
as  shown  on  figure  75,  and  its  behaviour  is  opposite  to  that  shown  for  the 
shock  wave  on  figure  56.  For  weak  and  strong  contact  fronts  there  is  a 
deceleration  of  the  initial  jet  following  the  breaking  of  the  diaphragm. 

At  the  end  of  the  formation  distance  an  optimum  velocity  is  reached.  For 
weak  contact  fronts  the  optimum  velocity  is  the  one  predicted  by  the  Ran- 
kine-Hugoniot  theory,  and  it  appears  independent  of  the  distance  traversed 
by  the  contact  front.  For  strong  contact  fronts  the  velocity  of  the  end  of 
the  formation  distance  is  greater  than  the  theoretical  value  and  the  velocity 
further  increases  with  the  distance  travelled  by  the  contact  front'. 

The  most  striking  feature  of  these  measurements  is  that  for 
strong  waves  for  a corresponding  P41  and  X,  the  shock  wave  attenuates, 
and  the  contact  front  simultaneously  speeds  up.  It  was  shown  in  the  study 
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FIGURE  75.  o 


THE  BEHAVIOUR  OF  THE  CONTACT  FRONT  IN  A SHOCK  TUBE 


1207) 


!sassBgs5£ggg£5Sgggga5sgggiggaBggiBSgriiiaasoiiisri8iiimiiafii| 
■ S=a=li  iH=Ea  jiiiil  1111=1  aaaSIS  §Hili  11=111 
I— MB— ggiil  !===== ==lss= ggjggg  ili^l 


—Eifigiiiigiiiiiiiiiiiiiiiii— — — — 

r.’MaV/'V/'mi 


ibs: 


3 BBSS 


irisss 


ill 


IHpIIIilHll 


SBBSBftSSBSfsSS! 

■■■  uriwmmm 

ssrssssssssEssl 

■esssssesssss 


■■rii 


imw  mw  «iB8ia  ssesssai  aaessa  esiagj  smmswM  iggggg  m mm  Bjigja  isisas  mmms  gggsaa  I 


iBgS55BBMgEaggg5g§EggiglBl555ii5i55gSlgiiiifiii 

Ra?  u %sr?w-i 

s*-| 


===BESB5  B95BB5  I 

EaCBBBB  ======  I 


Esa 


SsmEssssss  Ssssseess 


■ipisiiPiii 

• • HHGilitaii 


liiliili 


■HBBaaai»»«88gagg5ggagiKjKii8asaaa8agf.a&ai1BMir.gl^£^«lir^SS1115g§§B§aggSMSBlgSgiiiBl 

fl===53  333355 ======  I 


mm 


issas 
1 555= 


mm 


ISliiii 

tE=e«=S 


jiuiiMsafciaB  aaBB5Bg 

|={S=ij§§g= 


bsi^iiiii 


============ £========== 

======================= 

====== ====== 5333=3 ===== 


»Ksa5gaaMgwM«agaaagnyjgzig^ii^SBa5asssiassiiisagBaia§ggsB8ssgg 


■BliBrigglgiiliSiEgiiigigggiriiiiiiiiiiiiiiiiiiiieiiiilliiiiiiliiiiiiliiiiil 


- 

ft 

- 

"1~ 

-r 

EBB! 


pnim  iiiuiim  ■■■■■■•■■■ 


(209) 


ysssm  mss=m  zsmmmm  gi§sgssig=sa  assess  msmi  seteig  ijiai jliilifiiliiH 
HP!  lSMs!=  i=s=si  =i==3= 5=1111  ililii  sSssri!  issisi  isSMFis  ls!£li  iiSiSll 


IIS 


======  =?==== 

iiiigigiiliiisiiiiiiiiiiiiiiirj 


=====arss= 


P,J*""P?fniiIigig5sgil3lliliiiiliiiiiliiiii==iili^iiiliiiiiii^iiiiiliiiliil 


as  b ,=:===  ===== 

mm- :===== a— 


=£==ii=====i=iiii| 

y ——— 55— I—  MMMHMM  — — —— 


»M— HMHIBiM  StsmEsZ  3SMBB  BSSSSS  BSBSlg  iSSSM  iKSS&l'g  iillfi  8£SPa — SS11MS  SSsSgm  masSSs  I 
I S8SSSS IHSI1  iliSli  B!sSi!  Hull  £!!!!!  lags!!  £!!■£!  S^iS'iS  SlUss!  !!!!!!  !!!!!!  !!!3!!  I 

IMHHHMWWMBEliHHBB^EiBBBBBBniBlBilWgJiaBaEBHBBPfflaBBaftaBBgaaBBBHBBggHy 


iiiiiiiii 


m 


SEbbbEEIEe 


iiiiili 


5 Baagga=SS  e 
aS5E===25E 

Miiii 


fiEs 


la  i! 


i/  5*/-e.aFi  f&* 


:T=s 


i SM 


■ME 

m 


■H  ■ 

iii 


ebbs: 


SSSSS8SBSBBS 

::::::::: 

■■■■■ 

BasEss 


===== 


|r====l==5|=f 


:££: 


•BBS 


SS5S3SS 


■ss'sbH 

IeI  i 


BBS 


sbbb: 


■■■■■■■■■■■■ 

■■■■■■■■■■■■ 

■■■■■■■■■■■I 


■■■■■■■■■ 

BMBHfflBBBg  ■■■ 


:ss 


::i 


53s: 


■MB 

■■I 

■■I 


■■■■■■■■I 


Hi II31S9  gigssa  WAmsM  giUSi  f 'iSSSI  iliill 1 


5gliiIIIlilgS|ji8teB^'la=ggiiigli^Bl£Sgs58EggEss: 


=E£ESS 


SCZSSSSSS 


ESSSSs 


IP! 


===== 


SSSEBSSE 


53E5 


SEil 


77*1 


ERrrrfg 


Eg 55555 


SET ; 


51rF 


etf'r- 


sss 


=============== 


immmuMt&w.yj 

mm 


Mzx 


SB! 


SBBB 


:s: 


IBIS 


■BBBBI 


■■■■■■■■■■■■■■■■■■■■■ 

iSilllllllllllll 

gga gggega gsgegg gggggg 


4444  i 


I illfflllimimiimisi  Iiiiii  Illlii  !iiliiiiliilii=isiii=si!il55lii====5=iiii=c=s===l 


/S  24 

U* 


/ 


(210) 


FIGURE  79 
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of  the  origin  that  there  was  an  initial  ^>eed-up  due  to  the  small  jet  of  air  that 
escaped  from  the  chamber  as  the  plunger  hit  the  diaphragm  which  disintegrated 
in  a few  microseconds.  Later  this  velocity  approached  the  theoretical  value 
(fig.  76)'.  Finally,  the  velocity  of  the  front  increased  again  when  the  shock 
was  fully  formed,and  its  velocity  was  quite  uniform.  The  increase  in  speed 
can  not  be  explained  on  the  basis  of  the  heat  conduction  solution  for  a "lam- 
inar" contact  front  alone,  because  on  that  basis  its  order  of  magnitude  turns 
out  to  be  very  small  (ref.  68).  For  real  flows  the  contact  region  is  turbulent, 

. and  its  growth  would  be  more  rapid  resulting  in  a greater  advance  of  the 
front. 


It  is  not  known  what  effect  this  speed-up  has  on  the  flow  in  the 
shock  tube.  Nevertheless,  here  are  two  apparently  contradictory  physical 
phenomena,  shock  wave  attenuation  and  contact  surface  speed-up,  occurring 
simultaneously  in  the  shock  tube.  Therefore,  any  theory  that  attempts  to 
explain  one  effect  should  simultaneously  explain  the  other,  if  it  is  to  des- 
cribe the  real  physical  processes.  (It  should  be  emphasized  that  from  the 
classical  approach  a retarded  piston  in  a cylinder  gives  rise  to  a rarefaction 
wave,  and  an  accelerating  piston  causes  a compression  wave.  The  contact 
front  is  essentially  analagous  to  such  a piston.  Shock  wave  attenuation 
theory  assumes  that  the  contact  surface  decelerates.  The  reverse  is  true 
and  this  is  rather  paradoxical. ) 


5.  0 5.  Flow  in  the  Uniform  State  Bounded  by  the  Shock  Wave  and  the 
Contact  Surface.  ’ 


It  is  not  possible  to  give  a final  decision  on  the  uniformity  of 
the  states  (2)  and  (3)  separated  by  the  contact  surface.  The  reason  being, 
that  to-date  a systematic  analysis  of  these  states  has  not  been  conducted  by 
measuring  density,  pressure  and  temperature  directly,  over  a wide  range 
of  shock  speeds.  Most  of  the  present  data  is  based  on  a Mach  number  deter- 
mination of  the  flow  by  means  of  two-dimensional  wedges,  using  a schlieren 
or  shadowgraph  analysis.  This  method  is  not  too  useful  for  the  determination 
of  flow  uniformity,  especially  at  higher  Mach  numbers.  For  weak  shock 
waves  piezo  gauge  pressure  profiles  show  that  the  flow  in  state  (2)  behind 
the  shock  is  quite  uniform  (ref.  20).  This  has  also  been  found  from  inter- 
ferometer experiments.  Work  of  a similar  nature  for  strong  shock  waves 
has  not  been  reported.  Although,  it  is  know  from  measurements  conducted 
at  Princeton,  Toronto  (see  ref.  68)  and  Lehigh  Universities  that  density  and 
pressure  changes  do  occur  in  these  states,  especially  in  small  tubes.  Some 
temperature  profile  measurements  with  hot  wire  anemometry  are  also 
reported  in  reference  49. 
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An  examination  of  the  (x,  t)  -plane  flow  records  of  reference  8, 
for  a 1.00  diameter  tube  and  the  present  results  for  the  3 inch  x 3 inch 
tube  shows  that  the  entire  region  behind  the  shock  wave  is  criss-crossed 
continuously  by  the  transverse  reflections  of  the  Mach  and  regular  reflected 
wave  train  which  follows  the  main  shock  wave.  It  was  pointed  out  in  section 
5.02  that  these  reflections  will  change  the  pressure,  temperature  and  density 
in  this  state.  (In  the  piezo  records  shown  in  reference  68  for  stronger  shocks, 
it  is  noted  that  total  deviations  of  30%  of  the  pressure  rise  across  the  shock 
occurs,)  The  order  of  magnitude  of  the  deviations  that  actually  take  place 
can  not  be  determined  from  wave  speed  measurements  and  must  be  done  by 
direct  methods. 

The  variation  of  Mach  number  (Mg)  with  diaphragm  pressure  ratio 
(P41),  as  determined  from  a two-dimensional  wedge  analysis  (from  ref.  7)  is 
shown  on  figure  80,  and  a typical  schlieren  flow  photograph  of  this  region  is 
shown  on  plate  20.  The  reason  that  the  transverse  Mach  waves  do  not  appear 
here  is  probably  due  to  the  fact  that  a low  pressure  was  used  in  the  channel. 
They  are  not  really  prominent  unless  a pressure  (p^)  of  about  one  atmosphere 
is  utilized  in  shock  tubes  which  are  about  two  to  three  inches  wide.  It  is  seen 
that  a noticeable  deviation  in  Mach  number  (M^)  starts  when  the  flow  is  just 
supersonic.  These  results  indicate  good  agreement  with  theory,  but  it  is  not 
a direct  indication  of  the  variation  in  the  flow  quantities  m state  (2).  All  that 
may  be  said  is  that  any  deviation  is  likely  to  be  small  for  weak  shock  waves. 


5.06.  Flow  in  the  Uniform  State  Bounded  by  the  Contact  Surface  and  the 
Rarefaction  Wave7~  ’ " * 

Very  few  results  are  available  of  direct  measurements  of  flow 
quantities  in  state  (3)  (see  ref.  68  for  piezo  pressure  proT  iles  over  a sizeable 
range  of  PA.  The  gas  in  this  region  was  initially  contained  in  the  chamber, 
and  during  the  expansion  process  the  same  gas  passed  through  the  jagged 
remains  of  the  diaphragm  into  the  channel.  As  a result  the  flow  becomes  quite 
rough,  and  is  filled  with  velocity,  pressure,  temperature  and  density  gradients. 
The  entire  region  past  the  contact  layer  is  covered  by  striations  in  the  (x,  t)- 
plane  records.  These  indicate  the  propagation  of  fluctuating  density  gradients. 
The  type  of  eddying  flow  in  this  region  is  also  confirmed  from  spark  schlieren 
photographs,  as  shown  on  plate  17.  In  addition,  plate  2 which  illustrates  the 
refraction  of  a shock  wave  at  an  Air/ /Air  contact  front,  indicates  that  the  trans- 
mitted shock  wave  is  broken  up  when  it  passes  through  this  turbulent  region. 

The  records  in  reference  8 and  the  present  results  substantiate  that  this  phen- 
omenon takes  place  when  the  flow  in  state  (3)  has  become  supersonic.  Since 
this  type  of  flow  is  not  seen  at  any  time  in  state  (2),which  has  a lower  Reynolds 
number  per  foot  and  is  therefore  subject  to  greater  viscous  effects,  it  can 
not  be  attributed  to  a shock  boundary  layer  interaction  alone.  That  this  type 
of  flow  is  typical  of  the  head-on  collision  of  a shock  wave  with  a jet  and  its 
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PLATE  20. 

TYPICAL  SCHLIEREN  PHOTOGRAPH  OF  THE  FLOW  IN  STATE  (2) 
OVER  A TWO  - DIMENSIONAL  5°  - 3'  WEDGE.  P41  = 104.5,  M2  = 1.15. 
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associated  boundary  layer  has  been  shown  in  Some  shock  tube  experiments 
at  John  Hopkins  University  and  from  figures  54  to  56,  in  reference  53. 

The  flow  in  state  (3)  may  be  considered  as  essentially  of  the  same  type 
and  structure  as  a jet  flow,  that  is,  it  has  a mass  flow  which  is  turbulent 
in  nature  „ 


The  available  range  of  experimental  results  for  state  (3)  from 
references  6,  7 and  2 7 are  all  based  on  the  measurement  of  the  Mach 
number  by  means  of  two-dimensional  wedges.  A typical  flow  photograph 
of  this  region  is  shown  op  plate  21.  The  experimental  results  from  ref- 
erence 7 of  the  variation  of  the  Mach  number  (M^)  with  diaphragm  pres- 
sure ratio  (P^)  is  shown  on  figure  81.  It  is  seen  that  beyond  Mg  > 3.5, 
the  deviation  from  theory  becomes  very  rapid,  and  really  high  Mach  num- 
bers (M^  > 5)  have  not  been  achieved  to-date  in  this  region.  Substantiated 
reasons  for  this  discrepancy  have  not  been  given  to-date.  In  reference  27 
it  is  pointed  out  that  there  may  not  exist  an  upper  limit  to  the  attainable 
Mach  number  (M„).  In  any  event,  a decision  on  this  point  will  have  to  Wait 
until  experimental  results  are  available  on  the  temperature,  density  and 
pressure  distribution  in  this  region.  All  that  may  be  said,  is  that  the  uni- 
formity of  flow  behind  the  contact  surface  is  not  nearly  as  good  as  the  flow 
behind  the  shock  wave. 

There  is  evidence  from  work  recently  completed  a.t  the  Institute 
of  Aerophysics  on  shock  wave  refraction  into  this  region  (3)  that  points  to 
the  possibility  that  the  low  temperatures  are  not  achieved  in  state  (3)  . 

This  would  explain  the  unattainability  ofavery  high  Mg. 


5.  0 7.  Rarefaction  Wave  Velocity  Measurements. 


Velocity  measurements  on  rarefaction  waves  from  (x,  t)-plane 
schlieren  records  are  described  in  detail  in  reference  14.  It  was  shown  in 
section  1,  that  because  the  rarefaction  wave  is  a simple  wave  which  sep- 
arates two  uniform  states  the  density  derivative  is  discontinuous  at  the 
head  and  at  the  tail  of  the  wave.  The  order  of  magnitude  of  the  density 
derivative  at  the  head  and  tail  of  the  wave  is  almost  the  same  for  weak 
rarefaction  waves  (see  table  4).  This  implies  that  the  hea.d  and  tail  of 
the  wave  should  both  appear  in  a schlieren  photograph,  regardless  whether 
the  rarefaction  wave  is  centred  or  not.  In  practice  this  does  not  mater- 
ialize and  only  the  head  of  the  wave  appears  (plate  14).  The  reason  for 
the  non-appearance  of  the  tail  of  the  wave  can  not  be  explained  on  the  basis 
of  a non-centred  rarefaction  wave  alone.  It  was  shown  in  section  5.01 
that  a piston  type  characteristic  diagram  could  not  be  constructed  at  the 
origin  for  the  case  of  a bursting  diaphragm,  due  to  the  fact  that  the  head 
of  the  compression  region  was  already  a shock  wave.  Therefore,  although 


PLATE  21. 

FLOW  OVER  A 5°  - 3'  WEDGE  IN  THE  HIGH  MACH  NUMBER 
REGION  ( 3 ).  P = 6960,  M3  = 4.38  (from  reference  7) 
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the  rarefaction  wave  is  not  centred,  it  will  not  be  very  extended  either.  Thus 
a discontinuity  in  the  density  derivative  will  exist  lit  the  last  characteristic 
line.,  and  would  be  expected  to  show  up  for  weaker  rarefaction  waves,  when 
its  absolute  value  is  high. 

It  was  thought  that  perhaps  this  may  be  due  to  the  fact  that  at  the 
tail  of  the  wave  the  gas  is  in  motion,  and  as  a result  the  discontinuity  in  the 
density  derivative  is  smoothed  out  by  viscous  effects.  (On  a piezo  pressure 
record  the  curve  at  the  tail,  of  the  wave  does  appear  smooth. ) However,  later 
experiments  have  shown  that  the  head  of  a rarefaction  wave  appears  promin- 
ently when  the  gas  into  which  it  is  progressing  is  in  motion  (see  plate  23),  and 
here  viscous  smoothing  effects  are  not  in  evidence.  Hence,  it  must  be  con- 
cluded that  the  disappearance  of  the  tail  of  a rarefaction  wave  under  schlieren 
observation  must  be  due  to  some  other  cause.  This  is  unfortunate  because 
had  this  border  Mach  line  appeared,  it  would  have  given  an  excellent  means 
of  determining  the  particle  velocity,  speed  of  sound  and  Mach  number  in  the 
cold  region  as  well  as  the  deviation  from  a centred  wave.  It  was  possible, 
however,  to  determine  the  speed  of  sound  of  the  gas  at  rest  in  the  chamber 
from  the  head  of  the  rarefaction  wave.  In  this  manner,  the  speed  of  sound 
considered  from  a gas  dynamic  viewpoint  as  outlined  in  section  1,  was  tested. 
The  results  reduced  from  about  23°  C.  to  0°  C without  correcting  for  the  small 
variation  in  7f  are  as  follows:  0 air  = 1087  + 2 f.  p.s.,  9 argon  = 1009  + 1 

f.  p.  So,  0 carbon  dioxide  = 844  + 1 f.p.s.  These  values  agree  very  well  with 
acoustic  results.  It  also  bears  out  the  previous  observation  that  for  weak 
shock  waves  (starting  with  a sound  wave)  the  wave  speeds  are  in  excellent 
agreement  with  theory. 

It  should  be  noted  that  the  dark  lines  on  plate  14  (j),  (o),  (p),  (r), 

(t)  and  (u)  and  the  white  lines  (reversed  schlieren)  on  plate  14  (m),  (q),  (s) 
and  (v)  in  the  vicinity  of  the  rarefaction  wave,  are  not  to  be  confused  with  the 
tail  of  the  rarefaction  wave.  The  tail  propagates  into  the  channel  for  all  dia- 
phragm pressure  ratios  P41>11,  for  the  case  Air/Air.  The  observed  lines 
all  occur  in  the  chamber  and  are  really  condensation  shock  waves.  This  is 
confirmed  on  plates  22  (a),  (b)  and  (c)  which  show  the  effects  of  condensation 
at  the  origin  and  beyond.  For  the  three  recorded  cases  Mg  — 1,  it  is  seen 
that  the  saturated  air  runs  are  all  alike  in  that  a marked  condensation  shock 
wave  appears  about  250^6*  sec.  after  the  diaphragm  breaks.  In  the  dry  air 
runs  this  phenomenon  is  absent.  The  shock  trace  has  a straight  path  at  a 
speed  relative  to  the  tube  of  630  f . p.  s.  This  speed  was  found  to  be  constant 
for  the  three  cases  tested.  In  the  runs  shown  on  plate  14  the  condensation 
shock  speed  is  again  uniform,  but  their  relative  values  differ,  presumably  due 
to  the  degree  of  initial  saturation.  The  fact  that  the  condensation  shock  wave 
does  not  curve  (slow  up)  as  it  passes  through  the  rarefaction  wave  is  not  under- 
stood (see  ref.  69).  The  particle  velocity  opposing  the  shock  is  decreasing 
through  the  rarefaction  wave,  and  simultaneously  the  pressure  in  front  of  the 
shock  is  increasing,  and  a degree  of  compensation  may  result.  Secondary 
transverse  condensation  shocks  are  also  visible. 


DRY  AIR 


SATURATED  AIR 


(a) 

P4I  = 10  P2i  = 2.8  p4  = 746  mm.  Hg.  T4j  j = 298°  K 
T3  = 210°K  Wu  = 1.61  M3  * 1 
chamber  length  = 4 feet  channel  length  * 1 foot 

PLATE  22. 

CONDENSATION  EFFECTS  IN  THE  RAREFACTION  WAVE 
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DRY  AIR  ( b 

P41  = 25  P2 1 = 4-°  P4  = 746 

T3  = 177°  K Wn  = 


) SATURATED  AIR 

mm.  Hg.  T4  ! = 297°  K 
1.90  M3  = 1.45 


I 
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PLATE  22.  (continued) 


P4i  = 50  P21  - 6.  1 p4  = 746  mm.  Hg.  T ^ 1 = 297°  K 

T3  = 1380  K WU  = 2.  13  M3  = 2.28 


PLATE  22.  (concluded) 
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About  800^  sec,  after  the  diaphragm  breaks  the  condensation 
nuclei  are  so  numerous  that  the  film  is  completely  blacked  out.  This  suggests 
that  the  wave  speed  records  could  be  utilized  for  the  study  of  the  rate  of 
formation  of  condensation  nuclei  with  the  aid  of  a photodensitometer. 

Despite  the  precautions  to  keep  the  chamber  air  dry  for  the  records 
shown  on  plate  14  by  employing  commercial  compressed  air  cylinders,  some 
condensation  (or  liquifaction  for  the  high  P41  runs)  did  take  place,  and  is  quite 
evident  from  the  records.  This  entire  matter  will  require  a detailed  investi- 
gation. 


5.  08.  Real  Flows  at  an  Open  or  Closed  Chamber  and  Channel , 


The  basic  shock  tube  as  treated  in  section  1 may  have  an  open  or 
closed  chamber  or  channel,  depending  on  the  problem  under  investigation. 

If  the  channel  is  closed,  then  normal  reflection  of  shock  waves  may  be  studied, 
as  shown  on  plates  2,  4 and  5.  This  type  of  reflection  has  been  considered 
by  a number  of  investigators,  and  the  detailed  results  with  air  in  the  channel 
(from  ref.  73)  are  shown  on  figure  82.  These  experiments  were  conducted  at 
the  Institute  of  Aerophysics  in  the  3 inch  x 3 inch  wave  interaction  tube.  The 
strength  of  the  incident  shock  was  determined  directly  from  the  wave  speed 
as  measured  from  (x,  t)~plane  schlieren  records,  and  thus  eliminated  the 
•necessity  for  a tube  calibration.  The  results  are  in  agreement  with  the  theory 
using  constant  specific  heats  for  shock  waves  below  a Mach  number  of 
2.  For  strong  shock  waves  the  results  approach  the  values  determined  from 
•the  modified  shock  tube  theory  with  variable  specific,  heats,  (section  1.  06). 

For  an  incident  wave  Mach  number  > 3 and  a density  in  the  channel  of 
several  millimeters,  luminescence  may  be  observed  behind  the  reflected 
shock  wave.  At  the  lower  Mach  numbers  the  light  is  due  mainly  to  the  ioni- 
zation  of  impurities  such  as  barium,  calcium  and  sodium  which  require  low 
ionization  potentials  (see  refs. 43  and  44). 

For  a spectroscopic  study  of  the  ionise-'  state  behind  the  shock 
wave,  Mach  numbers  of  the  order  ox  six  are  necessary.  In  this  case  the 
magneto-hydrodynamic  phenomena  associated  with  strong  shock  waves 
may  also  be  investigated  (ref.  29). 

If  ,the  channel  is  open,  the  shock  we  ve  emerges  into  the  free  at- 
mosphere. Actual  schlieren  photographs  of  this  tyoe  of  flow  are  shown  on 
-.plates  23  and  24.  Plate  24  (c)  shows  the  outflow  from  a 1-inch  diameter 
tube  and  was  taken  from  reference  8.  Reversed  knife  edge  positions  are 
included  in  order  to  evaluate  any  possible  schlieien  overloading  effects 
(ref.  45).  The  records  show  that  when  the  plane  snock  wave  emerges  into 
the  atmosphere,  it  diffracts,  decelerates  and  tends  to  become  spherical. 


\ 
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PLATE  23. 


EMERGENCE  OF  A SHOCK  WAVE  FROM  THE  OPEN  END  OF  A SHOCK 

TUBE  CHANNEL. 
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The  shock  wave  is  followed  immediately  by  an  annular  vortex  (see  also 
refs.  2 and  42).  The  vortex  travels  rather  slowly  for  the  first  500/^sec. 
and  then  accelerates.  At  the  point  in' the  (x,  t)-plane  where  this  occurs 
transverse  shock  waves  are  seen  to  cross.  Some  of  these  waves  coalesce 
.and  enter  the  shock  tube.  This  is  confirmed  on  plate  35  where  the  shock 
.wave  coming  from  the  open  end  strikes  the  wire  screen. 

At  the  point  of  emergence  of  the  shock  wave  from  the  channel  a 
rarefaction  wave  is  reflected  back  into  the  tube,  and  the  head  of  the  wave 
actually  travels  at  the  speed  of  sound  in  region  (2),  behind  the  incident 
shock  wave.  Shock  diffraction  and  reflection  also  occurs  at  the  open  end, 
and  a transverse  shock  wave  is  seen  to  overtake  the  head  of  the  rarefaction 
wave. 

This  is  a complex  type  of  three-dimensional  viscous  interaction 
which  will  depend  on  the  emergent  as  well  as  the  reflected  wave  systems  for 
a solution.  It  is  intended  to  do  a systematic  investigation  of  this  problem  at 
a later  date.  The  present  flow  photographs  however,  show  that  the  wave  sys- 
tems are  qualitatively  similar  for  cylindrical  and  square  tubes.  Due  to  sym- 
metry the  vortex  ring  appears  to  have  a smoother  motion  in  case  of  the  cylin- 
drical tube.  In  ail  cases  the  flow  behind  the  incident  shock  wave  was  subsonic. 

If  the  chamber  is  closed,  the  rarefaction  wave  undergoes  normal 
reflection  at  the  chamber  end.  A typical  photograph  of  this  reflection  is  shown 
on  plate  3.  It  was  shown  in  section  1,  that  very  low  temperatures,  densities 
and  pressures  may  be  obtained  in  the  uniform  region  (6)  which  forms  behind 
the  reflected  rarefaction  wave.  This  has  not  been  verified  to-date.  State  (6) 
has  been  neglected  almost  entirely  by  experimentalists.  It  should  receive  much 
mpre  attention  since  it  offers  research  in  a thermodynamic  state  with  flow 
quantities  of  extremely  low  values. 

If  the  chamber  end  is  open,  then  the  rarefaction  wave  emerges  into 
the  free  atmosphere.  Theoretically,  a compression  wave  \diich  steepens  into 
a .shock  wave,  is  also  reflected  back  into  the  chamber.  This  problem  is  treated 
graphically  in  the  (x,  t)-  and  ( U , a)-planes  by  the  method  of  characteristics, 
m*-eference  51.  An  actual  flow  of  this  type  with  reversed  schlieren  is  shown 
on.  plate  25.  The  head  of  the  rarefaction  wave  is  clearly  shown  on  both  records. 
Since  it  is  a sound  wave,  it  propagates  into  the  free  atmosphere  with  unchanged 
speed.  However,  this  or  any  other  expansion  characteristic  fails  to  be  reflected 
back  from  the  open  end  as  a compression  characteristic.  Instead,  about  500 /U 
sec.  from  the  time  the  head  of  the  rarefaction  wave  emerges  into  the  open  air, 
a.  vortex  is  formed  within  the  tube  by  the  air  inflow  into  the  chamber.  (This 
vortex  is  seen  to  unite  with  another  vortex  caused  by  the  rupturing  of  the  cel- 
lophane diaphragm).  The  flow  of  air  into  the  tube  appears  to  be  quite  rough  as 
indicated  by  the  transmission  of  density  gradients  (alternate  black  and  white 
lines),  and  is  similar  in  appearance  to  the  flow  through  the  ruptured  diaphragm. 
This  type  of  inflow  is  typical  of  unfaired  subsonic  entries,  and  changes  very 
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EMERGENCE  OF  A RAREFACTION  WAVE  FROM  THE  OPEN  END  OF  A 
SHOCK  TUBE  CHAMBER,  AIR/AIR. 
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little  in  appearance  for  various  strengths  of  rarefaction  waves.  The  absence 
of  a reflected  Aock  or  compression  wave  can  not  be  accounted  for  at  present. 
It  is  hoped  to  investigate  this  problem  in  a more  detailed  manner  at  a later 
date.  In  this  open-end  case  as  well,  three-dimensional  and  viscous  effects' 
impose  difficult  boundary/  conditions,  and  the  ideal  flow  solution  as  given 
in  reference  51  is  not  very  realistic. 


5. 0 91  Experiments  on  One -dimensional  Wave  Interactions. 


The  previous  subsections  dealt  with  the  basic  flows  in  a real  shock 
tube  With  open  or  closed  ends.  In  the  following  a resume  will  be  given  of  the 
one~dimensional  wave  interactions  that  have  been  investigated  at  the  Institute 
of  Aerophysics. 

By  using  two  chambers  and  a channel  the  head-on  collision  of 
two,  shock  waves  can  be  studied  in  the  wave  interaction  tube.  The  cases  of 
equal  and  unequal  shock  waves  colliding  are  shown  on  plates  26  and  27. 

This  problem  has  been  considered  in  detail  in  reference  16  from  which 
figure  83  is  replot’tecT  It  is  seen  that  agreement  with  constant  specific 
heat  is  good  up  to  wave  Mach  numbers  W^~3.5.  For  stronger  shock  waves 
the  results  approach  the  variable  spjecific  heat  solution.  Relaxation  times 
for  the  establishment  of  thermal  equilibrium  behind  the  shock  wave  were  not 
measured  in  these  experiments.  Only  about  50^  sec.  vs a.®  available  on  the 
schlieren  records,  and  about  100^  sec.  to  lOOOyU  sec.  are  required  to  es- 
tablish equilibrium  under  the  experimental  conditions.  However,  it  was 
estimated  that  the  theoretical  values  obtained  in  reference  36,  for  air,  were 
quite  good. 

By  using  three  tube  sections  with  successively  decresing  pressures, 
the  head-on  collision  of  shock  and  rarefaction  waves  has  also  been  studied  in 
reference  16.  A typical  interaction  is  shown  on  plate  28.  Good  agreement 
between  theory  and  experiment  is  shown  on  figure  84,  which  is  typical  of 
the  results  obtained,  for  shock  pressure  ratios  up  to  7 and  for  rarefaction 
wave  pressure  ratios  of  0.50  and  0.59, 

The  problem  of  shock  wave  refraction  has  been  considered  in  de- 
tail in  reference  12.  Typical  results  shown  on  figure  85,  were  obtained  by 
using  artificial  contact  sirfaces  of  cellulose  nitrate  dope  of  1500  to  3500 
angstrom  units  in  thickness. 

By  reflecting  the  initial  shock  waves  from  the  end  of  the  channel 
the  natural  contact  surface  also  may  be  employed  to  study  shock  wave  re- 
fraction. For  weaker  shock  waves  (Mg<  1)  the  interaction  with  the  swirling 
flow  in  the  cold  state  and  its  associated  boundary  layer  is  not  as  severe  as 
those  shown  on  plates  2 and  4,  and  only  a single  transmitted  shoqk  wave  . 


-T«AWSM/TTED  SHOCK  PRESSURE  RATIO 


FIGURE  84. 

COLLISION  OF  A SHOCK  AND  RAREFACTION  WAVE. 
Rarefaction  Strength  pgo  *0.500 
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FIGURE  35. 

VARIATION  OF  THE  TRANSMITTED  SHOCK  STRENGTH,  P01, 
WITH  THE  INCIDENT  SHOCK  STRENGTH,  for  E15  = 0.431, 

(CASE  AIR/A  ) (from  reference  12  ) 
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results  (see plate  5).  The  agreement  with  theory  for  the  records  evaluated 
to-date  is  quite  good,  except  for  strong  shock  waves  (W^  3),  Figure  82 

(refe  73)  shows  the  variation  of  the  normal  reflected  and  refracted  wave  speeds 
W21  and  w31  as  a function  of  the  incident  wave  speed  W^.  The  reason  why  the 
refracted  Wave  speed  (W31)  does  not  follow  the  theoretical  curve  is  not  known. 
Perhaps  the  temperature  does  not  reach  the  Very  low  theoretical  Value.  This 
would  also  account  for  the  low  : theoretical  values  of  M3.  It  should  be  noted 
that  the  variable  specific  heat  (V.S.H. ) curve  for  W31  is  almost  identical 
with  the  constant  specific  heat  (R-H)  curve. 

Shock  wave  or  rarefaction  wave  refraction  at  a contact  surface 
can  be  extended  to  include  the  double  refraction  of  these  waves  at  a finite 
layer  of  gas.  In  the  case  of  a shock  wave  passing  through  a layer  of  gas, 
it  has  been  shown  (ref.  11),  that  the  pressure  ratio  of  the  emergent  shock 
wave  may  be  raised  or  lowered  depending  on  the  boundary  conditions,  just 
as  it  leaves  the  layer.  This  phenomenon  has  been  called  shock  wave  am- 
plification and  absorption  or  attenuation  respectively.  Beyond  the  layer 
overtaking  shock  waves  catch  up  with  the  emergent  wave  and  tend  to  bring 
up  its  strength  to  its  initial  value,  in  the  absorption  case.  Typical  results 
appear  on  plates  6 and  29.  The  agreement  with  theory  for  the  waves 
tested  is  satisfactory.  This  problem  has  just  been  investigated  in  a sys- 
tematic manner  and  will  be  published  in  the  near  future,  (ref.  73.) 

In  addition  to  the  refraction  phenomena,  some  additional  features  may 
be  noted  on  plates  6 and  29.  It  will  be  seen  that  when  the  incident  shock  wave 
Si,  strikes  the  Air//  He  contact  surface  Cp  a rarefaction  wave  is  reflected. 
The  rarefaction  wave  is  bounded  at  the  head  and  tail  by  two  shock  waves. 

The  shock  at  the  head  of  the  rarefaction  wave  is  mainly  due  to  the  presence 
of  the  1500-3500  angstroms  thick  microfilm  (determined  by  multiple  beam 
interferometry).  The  existence  of  the  shock  at  the  tail  of  the  rarefaction 
wave  can  not  be  adequately  accounted  for.  This  type  of  N wave  is  again  gen- 
erated about  400yU  sec.  later  at  the  contact  surface  and  appears  to  undergo 
periodic  transverse  reflection,  The  head  and  tail  of  the  initial  rarefaction 
wave  are  curved,  indicating  that  the  reflected  rarefaction  wave  is  catching 
up,  as  a short  chamber  was  used  for  this  particular  experiment. 

This  problem  has  also  been  applied  to  a rarefaction  wave  passing 
through  a layer  of  gas.  The  criterion  for  the  reflection  of  a compression 
wave  or  rarefaction  wave  from  a contact  surface  V/aS  given  in  section  2.04. 
Plates  7,  30  and  31  show  the  refraction  of  a rarefaction  wave  at  a layer  of 
helium,  argori  and  carbon  dioxide.  All  gases  separated  by  the  gas  layer 
are  at  atmospheric  pressure  and  temperature.  With  these  boundary  con- 
ditions a rarefaction'  "Wave  refracts  at  an  Air// A contact  surface  to  give  a 
reflected  rarefaction  wave;  at  an  Air//He  contact  surface  a shock  wave  is 
reflected  back;  and  for  an  Ai.r//CC>2  contact  surface,  which  is  a borderline 
region,  a shock  should  also  be  reflected. 

From  the  above  plates  it  is  seen  that  in  the  case  of  argon  a conver- 
ging type  of  compression  wave  appear^  from  the  second  (A //Air)  contact 
surface,  not  at  the  point  of  impingement,  but  several  hundred  Lb  sec. 
later.  These  results  ' 
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can  only  be  viewed  as  qualitative.  A quantitative  analysis  is  essential  and 
will  require  a considerable  amount  of  theoretical  and  experimental  work  and 
may  be  done  at  a later  date.  The  contact  surface  stability  for  the  case  of  a 
helium  layer  is  demonstrated  rather  well  on  plate  7,  where  the  front  which 
is  being  accelerated  into  the  helium  remains  very  stable,  whereas  the  front 
going  into  the  air  becomes  unstable  (see  ref.  54). 

Recently,  the  interaction  of  a shock  wave  with  a wire  screen  has 
been  examined  with  the  wave  speed  camera.  Typical  results  appear  on 
plates  32  to  3 5.  In  subsonic  aerodynamics  the  wire  gauze  has  been  utilized 
to  study  the  mechanism  of  free  stream  turbulence,  to  reduce  turbulence  in 
wind  tunnels  and  as  a means  of  diminishing  losses  in  sharp  bends  and  diffusers. 
Very  little  is  known  of  the  characteristics  of  screens  in  compressible  flow. 
This  type  of  interaction  may  offer  some  interesting  possibilities  in  that 
direction. 


Most  of  the  present  experiments  were  conducted  on  number  8, 

30  and  40  mesh  screens  with  blockage  coefficients,^  of  .50,  .42  and  .28 
respectively.  The  subsonic  definition  of  the  blockage  coefficient  is  given  by 


d 2 

P * (i  - dr)  ',  where  d is  the  wire  diameter  and  JL  is  the  mesh  length.  For 
incompressible  flow  these  screens  would  have  a resistance  coefficient  K = 

Pi  - p,  1 - (9 

ieu,'  * e*  =2j3  and  9 (reference  55).  Where  (p^  - P2)  is  the  static 
pressure  drop  across  the  screen,  and  Uq  is  the  flow  velocity  (greater  than 
30  f.  p.s.,  if  this  relation  is  to  apply). 


The  preliminary  results  can  be  described  as  follows.  When  a 
■shock  wave  strikes  a screen,  a shock  is  Transmitted  and  a shock  is  reflected. 
In  order  to  maintain  the  co-existence  of  the  two  adjacent  states  behind  the  two 
■^shock  waves  of  different  strength,  a contact  surface  must  form.  This  is  con- 
firmed by  the  experimental  records.  It  is  seen  that  at  the  point  of  impingement 
4he  two  shock  waves  are  formed  very  rapidly.  Shock  wave  diffraction  also  takes 
1?lace.  The  primary  reflected  and  transmitted  shock  waves  are  also  followed 
by  their  respective  transverse  waves  which  criss-cross  the  tube.  In  addition, 
a vortex  sheet  is  formed.  For  weak  waves  it  remains  nearly  stationary  and 
•hugs  the  wire  screen  (plate  32).  "Tor  strong  incident  shock  waves,  the  vortex 
sheet  is  swept  out  beyond  the  screen  by  the  high  particle  velocity  (plate  34). 

On  plate  34  for  about  100//.  sec,  the  vortex  travels  at  constant  speed,  suddenly 
decelerates  and  remains  almost  stationary.  The  deceleration  is  probably  due 
to  some  type  of  wave  interaction,  but  it  is  not  discernible  from  the  flow  pho- 
tographs. There  is  no  evidence  of  wakes  being  shed  from  the  wire  elements 
as  from  a grid  nozzle  in  steady  flow.  As  a matter  of  fact  the  flows  in  all  states 
appear  as  uniform  as  those  behind  the  incident  shock  waves.  However,  on 
plate  32  it  can  be  ,seen  that  every  transverse  wave  generates  its  own  ccnlact  front 
when  it  is  stronger  than  a sound  wave.  Also,  if  the  gauze  is  coarse,  then 
each  wire  element  generated  its  own  transverse  waves  by  diffraction  and  gives 
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THE  INTERACTION  OF  A SHOCK  WAVE  WITH  A No.  8 MESH  SCREEN. 
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PLATE  35. 


THE  INTERACTION  OF  SHOCK  WAVES  WITH  A NO.  30  MESH  SCREEN 
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rise  to  a very  fine  trace  structure  on  the  schlieren  record  (see  plate  33)  of 
transverse  waves  and  contact  surfaces.  In  addition  a diffusion  process  occurs 
about  the  screen  on  the  same  plate.  For  the  finer  mesh  gauzes  this  line 
structure  becomes  too  close  to  be  discernible  but  it  probably  exists  never- 
theless. 


From  the  various  records  that  were  taken,  it  has  been  tenta- 
tively established  that  the  Mach  number  in  region  (5)  between  the  reflected 
shock  wave  and  the  screen  (M$)  remains  a constant  for  a screen  with  a 
given  blockage  factor.  That  is,  if  the  blockage  coefficient  is  zero  (solid  wall) 
the  Mach  number  is  zero;  if  the  blockage  coefficient  is  1 (no  screen),  the 
Mach  number  is  M5,  corresponding  to  the  incident  wave  strength.  The 
schlieren  photographs  also  show  that  region  (3)  is  at  a lower  density  than 
region  (2).  Since  the  pressures  in  (3)  and  (2)  are  equal,  the  temperature 
T3  > T20  This  is  reasonable,  since  state  (5)  has  undergone  two  shock  com- 
pressions. The  measured  velocity  of  the  contact  front  agrees  with  the  par- 
ticle velocity  (U21)  for  the  transmitted  shock  wave.  The  pressure  in  (5)  is 
very  high, and  the  particle  velocity  is  very  low  by  comparison  with  region  (3). 
(Compare  the  initial  contact  surface  velocity  with  the  contact  front  velocity 
on  plate  34.)  Hence  a rarefaction  wave  must  exist  between  state  (5)  and 
(3)  in  order  to  reduce  the  pressure  and  increase  the  particle  velocity  from 
U5  to  The  rarefaction  wave  can  not  be  seen.  The  vortex  sheet  at  the 

screen  is  probably  produced  by  shock  wave  diffraction,  but  its  effect  on  the 
flow  is  not  known,  and  hence  state  (4)  is  completely  .undetermined  from  a 
wave  speed  analysis. 

An  attempt  has  been  made  in  reference  44,  to  compare  this  type 
of  interaction  with  the  magneto-hydrodynamic  interaction  of  a shock-wave 
and  a magnetic  field.  The  equations  of  continuity,  momentum  and  energy 
are  applied.  Only  the  momentum  equation  is  changed  by  the  pressure  drag 
due  to  the  screen  or  the  strength  of  the  magnetic  field.  The  resulting  solu- 
tion is  interesting.  Since  viscosity  was  neglected  and  viscous  effects  are 
very  apparent  in  all  the  flow  records,  it  must  be  concluded  that  this  theory 
should  be  applied  with  caution  to  real  screen  interactions.  Since  the  pres- 
sure drop  across  the  screen  is  not  uniquely  determined  owing  to  the  exis- 
tence of  the  vortex  at  the  screen,  it  was  not  possible  to  check  the  present 
results  with  the  curves  given  in  reference  44.  This  problem  may  be  inves- 
tigated in  some  detail  at  a later  date  by  using  piezo  gauges  and  a hot  wire 
anemometer  in  addition  to  the  wave  speed  camera. 

In  order  to  ascertain  additional  properties  of  the  waves  that  are 
reflected  back  from  the  open  end  of  a channel  when  the  shock  wave  emerges 
into  the  atmosphere  as  well  as  the  wave  system  produced  by  the  shock  im- 
pinging on  a screen,  plate  36  is  also  included.  In  this  experiment  the  two 
problems  were  combined.  It  shows  the  stability  of  the  contact  region  pro- 
duced from  the  screen  interaction.  It  also  demonstrates  the  diffraction 
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that  is  produced  at  the  screen  and  at  the  open  end  of  the  channel.  This  in 
turn  causes  the  production  of  new  trains  of  transverse  waves.  It  also  indi- 
cates the  possibility  of  studying  the  interaction  of  the  vortex  ring  produced 
at  the  open  end  of  the  channel  with  a contact  front  produced  by  a screen. 

The  refraction  of  the  rarefaction  wave,  produced  from  the  open  end  of  the 
channel,  at  the  screen  contact  front  could  also  be  studied.  It  should  be 
noted  that  in  this  case  as  well,  the  reflected  wave,  as  a result  of  refrac- 
tion, is  also  absent. 

It  has  become  possible  only  very  recently  to  set  up  the  problem 
of  the  overtaking  of  two  similarly  facing  shock  waves  (ref.  40).  This 
interaction  is  shown  on  plate  37.  It  is  seen  to  agree  with  the  theory  that 
a shock  is  transmitted,  a rarefaction  wave  is  reflected,  and  an  almost 
ideal  contact  surface  is  separating  the  two  uniform  states  between  the 
two  waves.  The  quantitative  results  are  also  quite  good,  and  this  work 
will  be  issued  as  a separate  report  in  the  near  future  (ref.  73). 

A study  of  figure  1 of  reference  40  shows  that  this  is  an  excellent 
method  of  producing  very  strong  shock  waves,  because  in  the  case  of  two 
equal  shocks  (pressure  ratios  between  20  and  100)  overtaking,  the  trans- 
mitted shock  has  a strength  which  is  of  the  order  of  half  the  product  (the 
ratio  approaches  one  for  very  weak  shocks)  of  the  pressures  of  the  initial 
shock  waves.  For  example,  when  two  equal  shocks  of  a pressure  ratio  of 
100  overtake,  the  transmitted  shock  wave  has  a pressure  ratio  of  4200  and 
the  reflected  rarefaction  wave  has  a pressure  ratio  of  .42. 

The  appearance  of  the  wave  system  on  the  (x,  t)-plane  following 
the  overtaking  interaction  is  similar  to  the  one  generated  by  the  bursting 
diaphragm.  However,  for  the  equivalent  case  in  a shock  tube  with  a dia- 
phragm pressure  ratio  of  10,  000  (compared  with  two  equal  overtaking  shocks 
of  100  which  also  have  an  overall  measure  ratio  of  10,  000)  a strong  rare- 
1'ac‘ion  wave  (P34  = .0017)  and  a relatively  weak  shock  (P^  = 17)  are  pro- 
duced. Whereas,  in  the  case  of  two  overtaking  shock  waves  a weak  rare- 
faction wave  (pressure  ratio  of  0.42)  and  a very  strong  shock  wave  (pressure 
ratio  4200  ) are  generated. 
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VI.  CONCLUSIONS. 

The  theory  of  the  shock  tube  is  developed  in  section  1,  from  one- 
dimensional considerations.  The  modifications  that  are  usually  employed 
for  flows  with  variable  specific  heats  for  rarefaction  waves  and  shock  waves 
are  outlined.  Some  of  the  basic  results  for  wave  reflections,  refractions 
and  collisions  are  also  included.  Where  three-dimensional  and  viscous 
effects  occur,  such  as  in  the  rupturing  of  the  diaphragm,  the  transverse 
shock  train  which  follows  the  main  shock  wave.,  the  emergence  of  a shock 
or  rarefaction  wave  into  the  free  air,  and  the  head-on  collision  of  a shock 
wave  with  a wire  screen,  a simple  analysis  based  on  one -dimensional 
inviscid  considerations  is  not  possible. 

The  final  portion  of  the  report  which  deals  with  the  experimen- 
tal work  gives  an  insight  into  the  present  status  of  theory  and  experiment 
of  the  shock  tube. 

In  the  study  of  the  origin  problem  it  is  shown  that  the  (x,  t)-plane 
has  the  appearance  of  a characteristic  net,  which  would  result  from  the 
motion  of  a piston.  However,  it  does  not  lend  itself  to  the  analysis  by  the 
method  of  characteristics.  Actually,  this  net  is  composed  of  overtaking 
shock  waves  which  coalesce  to  form  the  main  shock  front. 

The  shock  formation  process  is  more  rapid  at  high  diaphragm 
pressure  ratios  (P41),  but  the  shock  path  is  curved  over  a slightly  longer 
distance.  Thus  uniform  speeds  are  not  achieved  before  6 to  8 tube  widths 
(18  to  24  inches).  Therefore  measurements  of  shock  wave  velocity  should 
not  be  made  too  close  to  the  diaphragm  (l  to  2 feet  for  this  tube),  since 
they  will  be  slower.  In  the  low  range  (P^<20),  the  formation  region 
is  extended,  but  uniform  velocity  is  already  achieved  one  foot  from  the 
diaphragm  (Fig.  60). 

Shock  wave  attenuation  consists  of  a formation  decrement  and 
a distance  attenuation.  Both  of  these  are  absent  for  weak  shock  waves 
when  viscous  effects  are  small. 

Attempts  have  been  made  by  several  investigators  to  account 
for  the  shock  wave  attenuation  on  the  basis  of  non-stationary,  viscous, 
incompressible  flow  analysis  or  some  adaptation  of  a stationary  flow 
boundary  layer  theory.  In  either  case  the  predicted  attenuation  is  too 
large  (for  most  shock  tubes).  The  most  promising  result  to  have  emer- 
ged from  these  treatments  is  the  confirmation  of  the  importance  of  the 
time  parameter  ^ . p is  noted  that  when  this  parameter  and  y 2 

are  large,  the  total  shock  wave  attenuation  is  correspondingly  high, 
and  the  converse  is  also  true. 
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By  assuming  the  existence  of  a boundary  layer  displacement 
thickness  at  the  contact  surface  ( g *)  and  combining  this  concept  with  the 
actual  attenuation  results,  it  has  been  possible  to  obtain  a reasonable  order 
of  magnitude  aid  rate  of  growth  of  this  quantity.  It  is  shown  that  in  the 
Mach  number  range  1.3  to  1.5,  behind  the  shock  wave,  dg*/dx~  0.0004. 

A linear  empirical  equation  (5.09)  is  given  that  accounts  quite 
well  for  the  attenuation  with  the  shock  distance  from  the  diaphragm  (X) 
in  the  present  tube.  Since  X was  the  only  variable  in  or  for 

this  series  of  experiments,  it  was  not  possible  to  extend  this  relation  so 
that  it  may  be  applicable  to  any  shock  tube.  Nevertheless,  it  is  shown 
that  this  equation  gives  good  agreement  for  tubes  of  similar  area  in  which 

V2  t 

—r — is  of  the  same  order  of  magnitude. 

To  sum  up,  it  may  be  stated  that  no  adequate  theory  exists  which 
will  account  for  the  observed  total  attenuation  in  shock  tubes.  Such  a theory 
should  take  into  account  the  phenomena  that  occur  in  real  flows.  That  is, 
the  boundary  layer  growth  is  a function  of  X for  a given  t,  the  shock  attenu- 
ates concurrently  with  the  contact  front  speed-up,  and  that  viscous  dissipa- 
tion caused  by  the  transverse  shock  waves  is  also  present.  A successful 
theory  should  consider  at  least  the  contact  surface  and  shock  wave  pheno- 
mena simultaneoulsy  and  not  separately,  as  has  been  the  case  to-date. 

Although  the  question  of  shock  attenuation  may  appear  as  not  too 
serious  from  an  experimentalist’s  point  of  view,  since  a calibration  curve 
or  the  actual  wave  speed  may  be  used,  the  problem  arises  whether  this 
procedure  is  valid.  In  other  words,  is  there  definite  experimental  evidence 
that  shows  that  it  is  quite  permissible  to  employ  the  wave  speed  in  order  to 
calculate  the  physical  quantities  of  the  flow  in  the  "uniform"  regions  sepa- 
rated by  the  contact  surface  over  a wide  range  of  shock  wave  Mach  numbers. 
The  answer  at  the  present  time  is  in  the  negative,  because  most  of  the  avail- 
able data  is  based  on  Mach  number  measurement  by  means  of  wedges,  and 
these  can  not  be  accepted  as  conclusive.  A considerable  amount  of  work 
must  be  done  in  order  to  measure  directly  the  temperature,  pressure,  den- 
sity and  (velocity)  in  these  two  states  before  a decision  can  be  reached  on 
the  relation  between  the  derived  and  actual  values  of  the  physical  quantities 
as  a function  of  a known  shock  wave  velocity. 

The  .available  experimental  data  also  points  to  the  fact  that  the 
flow  regions  separated  by  the  contact  layer  are  not  uniform,  especially 
for  strong  shock  waves.  This  will  have  a very  important  effect  on  the  use 
of  the  shock  tube  as  an  intermittent  wind  tunnel  and  other  applications  as 
well.  Therefore  the  problem  of  flow  uniformity  still  requires  an  experimen- 
tal decision. 


^ 4 JU  j 


In  addition,  the  question  of  the  attainability  of  high  Mach  number 
in  the  cold  state  between  the  contact  surface  and  the  rarefaction  wave  has 
alsp  to  be  settled  experimentally. 

, No  experimental  results  are  available  on  the  direct  measure- 

ment of  physical  quantities  in  the  uniform  state  behind  a reflected  rare- 
faction wave  or  shock  wave  over  a wide  range  of  diaphragm  pressure 
ratios.  The  uniform  state  behind  a reflected  rarefaction  wave  offers  some 
interesting  work  in  low  temperature  physics.  The  regions  behind  strong 
incident  and  reflected  shock  waves  have  opened  recently  new  fields  for 
spectroscopic  and  magneto-hydrodynamic  studies  of  the  flows  in  a shock 
tube.  It  is  possible  that  the  shock  tube  will  also  be  utilized  for  studies 
in  atomic  physics. 

One-  dimensional  wave  interactions,  such  as  the  collision  of  two 
shock  waves  and  shock  and  rarefaction  waves,  shock  wave  refraction  at  a 
contact  front  and  at  a layer  of  gas,  and  preliminary  work  on  the  overtaking 
of  two  shock  waves  have  been  studied,  and  all  have  shown  good  agreement 
with  the  simple  wave  element  theory.  This  is  encouraging  since  it  streng- 
thens the  assumption  that  it  may  be  possible  to  test  the  theoretical  analyses 
of  wave  interactions  from  the  measurement  of  the  relevant  wave  speeds. 

Future  work  in  the  wave  interaction  tube  on  shock  wave  attenua 
tion,  the  emergence  of  shock  and  rarefaction  waves  into  the  free  air,  the 
overtaking  of  two  similarly  facing  shock  waves,  the  interaction  of  a shock 
wave  and  a wire  screen,  and  the  study  of  shock  waves  produced  by  spher  - 
ical diaphragms  should  prove  of  interest. 

Although  emphasis  has  been  given  to  the  one-dimensional  work 
conducted  on  the  wave  interaction  tube  at  the  Institute  of  Aerophysics,  two 
and  three-dimensional  problems  have  been  studied  successfully  in  shock 
tubes  (see,  for  example,  refs.  13,  17,  22,  46,  52  and  57).  Yet,  it  is  dif- 
ficult to  state  that  the  shock  tube  has  proven  itself  as  a type  of  intermittent 
wind  tunnel  on  the  basis  of  the  work  that  has  been  done  to-date.  Here,  in- 
terferometric investigations  certainly  offer  the  best  possibilities  since  the 
pressure  and  density  fields  may  be  determined  over  a model  and  the  resul- 
tant forces  computed.  Other  reliable  rapid  response  instruments  which 
may  be  used  to  measure  the  transient  flow  quantities  such  as  pressure, 
temperature  or  forces  directly  have  as  yet  not  passed  the  developmental 
stage.  The  application  of  intermittent  flow  data  to  steady  flow  problems 
with  heat  transfer  and  boundary  layers  should  be  done  with  great  caution 
anyway.  Hence,  the  aerodynamic  testing  that  may  be  done  in  a shock  tube 
is  rather  limited  at  the  present  time. 

What  certainly  may  be  said  without  qualifications,  judging  from 
the  wide  utilization  of  the  shock  tube  for  numerous  basic  researches,  is 
that  the  shock  tube  has  proven  to  be  the  "test  tube"  for  the  investigation 
of  problems  in  non-stationary  fluid  mechanics. 


./ 
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APPENDIX  A 


TABLES  FOR  FIGURES  CONTAINED  IN 


SECTIONS  I AND  II 


(258) 


The  tables  In  this  appendix  contain  the  necessary 
information  to  plot  certain  figures  in  section  I arid  II. 
The  particular  figures  involved  are  indicated  on  each 
table.  All  the  values  tabulated  have  been  computed  to 
four  significant  figures. 

The  following  values  are  of  interest  and  are 
presented  here  for  reference  purposes. 

In  the  case  of  Air|Air  when  M2  • 1.00: 

Wn  . 2.07  P2i  = 4.82  P41  = 42.0 

and  when  M3  - 1.00: 

Wn  = 1.63  P21  = 2.90  P4l  * 10.5 

For  the  case  of  He | Air  when  Mg  * 1.00: 

Wn  » 2.07  P21  = 4.82  P41  = 10.1 

and  similarly  for  M3  s 1.00 : 

Wn  = 2.97  P21  = 10.2  P41  = 42.5 
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&4  Case:  He \Air 
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tfABLE  15 ( CONTINUEp)  Case:  Air\A 


(1) 

(2) 

(3) 

(4) 

(5) 
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r* 

1 52 
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3.312 
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APPENDIX  B 


B , 1 Emp  Ir  .1, c al  lie  1 a t ionabtp  ( Eg , 5 , 03 ) 


The  empirical  relationship  shown  op  figure  (A 
(Eq,5.09)  was  found  In  .:uo  .to], lowing  m •. ' or,,  first,  the 
Rankino -Hugoniot  curve  was  approximate!’'  ry  a straight  1:!  no 
whose  aquation  Is  also  given  on  f inure  '4,  Another  st.  aright 
line  was  drawn  through  the  experimental  points  for  each 
value  of  X , The  ratio  of  tho  experimental  slope  to  tr.e 
theoretical  slope  v/aa  then  plotted  against  X to  give 

the  curve  shown  on  figure  87,  This  curve  had  the  form  of  a 
power  curve  and  ir  order  to  find  its  equation  figure  88  was 
drawn.  On  th ' .v.  fi  /■•ye  In  mx/m»c  va  • ln  X is  plotted,  Tho 
relation  ship  o "•  fh  ro  ’’7  was  found  to  be 

ISx-  = 0-996  X'“'‘ 

mi 


Using  this  relationship  equation  5,08  was  determined, 

It  should  he  noted  that  although  the  ratio.  mx/mj-  was 
U3ed  to  plot  figures  87  and  88  the  sans  results  can  be 
obtained  by  plotting  m x against  'X.  This  procedure  will 
yield  equation  5.08  in  fewer  steps. 


B,2  Theoretical  A.nniy.  • .h;  (Eq,;->.15) 


For  an  Incompressible  fluid  with  constant  viscosity, 
the  generalized  Navier-Stokes  equation  in  vector  acta  lion 
take 3 the  form  (ref, 71) 


= pF-  vp  +^v’$- 


(1) 


If  body  forces  are  neglected  and  the  pressure)  is  assumed 
constant  everywhere,  then 

(2) 

For  the  case  of  one -dims  ns  local  flow  in  a tube  where  v = w =»  0 
and  only  u remains  then  (2)  reduces  to 


(276) 


(3) 


(The  above  equation  indicates  that  V acts  everywhere  and 
not  in  the  boundary  layer  alope.  This  is  the  weakness  of  the 
present  approach.  Therefore,  the  solution  is  applicable  to  small 
tubes  (i.e„S=R)  and  will  give  too  great  an  attenuation  for  larger 
tubes)  . 

Eq.  (3)  is  a second  order  linear  homogeneous  partial 
differential  equation  arid  can  be  solved  by  separation  of  variables. 


The  boundary  conditions  are  as  follows  (see  also  fig.  65) 


(1) 

u 

(z. 

7, 

o) 

- Ui 

(o<-  z <-z0,,  o <y  <yo) 

(2) 

u 

Co, 

7, 

t) 

= °\ 

(3) 

u 

(z. 

o, 

t) 

= 0 
a 0 

> (t>0) 

(4) 

u 

( zO  > 

7, 

t) 

(5) 

u 

(z. 

7o. 

,t) 

- 0 J 

A solution  can  be  found  of  the  form 


u = Z(z)  Y(y)  T(t) 


The  solution  must  satisfy  the  equation 


T* 

T 


= C 


However,  the  three  terms  in  this  equation  must  be  constant 
as  they  Sire  functions  of  z,  y and  t separately.  Therefore,  the 
following  can  be  written: 


^ yl  = t1  = -»(**+ $')T 

The  solutions  of  these  three  equations  for  which  u = ZYT 
satisfies  all  the  homogeneous  boundary  conditions  are 


where 


Ck  = 

T = 


2 = c<  5 y = 

OTT  g _ hi T 

ft* 


» i 


(277) 


<278) 


(279) 


A particular  solution  is. 


Uoi  (Wt)  = e ^ $r  3 4?  't 


%> 


or  the  general  solution  is: 

1 1 k* 


2|  Ai  <?"** 


U 


Eq.  5 is  the  solution  provided  that  the  co- 
efficients /)0£  can  pe  jTound  to  satisfy  B.C.  (1)  or 


Uffr'y.o)  - b 22  ft  ^ - Ui 

Q*l  k»»  2° 

(o  = 

The  above  id  a Fourier  sine  series  in  two  variables  for 
U(z,y)  providing  its  coefficients  have  the  values 

P 

A°k  = g^. 

Aok  z •»//'  1 


or 


(4) 


(5) 


(6) 


(7) 


Then  (5)  becomes: 
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At  t =0  the  mass  flow  is  given  byi 
jmi  = (?Ui A = £Ui 


at  any  other  time  t 
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Substituting  for  u in  this  equation’  from  (8)  yields: 
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Integrating  (11)  results  in 
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This  is  equation  (5hjl3)  In  the  text  and  is  plotted  on 
figure  66o  A typical  computation  of  a relatively 

large  ( „01)  is  given  on  Table  170  For  small  values  of  vj 
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